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Abstract in English 
Activated sludge treatment plants are the most used wastewater treatment 
systems worldwide for biological nutrient removal from wastewater. Nevertheless, the 
treatment systems have been for many years operated as so called “black-box”, where 
specific process parameters were adjusted without the deep understanding of their 
influence on the key microbes. In order to ensure optimal operation, process 
optimization and trouble-shooting, it is crucial to understand the structure and 
function of the microbial communities and the factors controlling their composition 
and activity.  
This study was devoted into detailed analysis of almost fifty full-scale treatment 
plants (Microbial Database over Danish Wastewater Treatment Plants.) in order to 
learn more about the activated sludge communities and the rules that govern their 
presence and growth. This is one of the first such comprehensive long-term 
investigations of the microbial community in full-scale wastewater treatment plants, 
where conventional identification, molecular identification by quantitative 
Fluorescent In Situ Hybridization and extensive process information related to 
treatment plant design and process performance have been compiled. 
The microbial populations in Danish full-scale activated sludge wastewater 
treatment plants with nutrient removal have been screened and it was possible to 
present so called “Danish standard activated sludge” for this type of plants. The key 
functional groups have been identified and they constituted up to 80% of total 
biomass. It was possible to identify a group of core microorganisms that is common 
for all investigated Danish plants. Their population variations were analysed over the 
years and it was demonstrated that they were relatively stable during the time of 
investigation and similar between the plants. In spite of the population’s similarity, it 
has been proven by statistical measures that the presence of two functional groups, 
namely Polyphosphate Accumulating Organisms/Glycogen Accumulating Organisms 
(PAO/GAO) and filamentous bacteria, in each treatment plant had its own unique 
microbial fingerprint.  
Additionally, only few correlations between bacterial presence and different 
process parameters or treatment design have been revealed. It was not possible to 
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relate presence of any applied treatment system and abundance of any bacteria group, 
but one. For plants carrying out biological P-removal, it was shown that plants with 
return sludge Side-Stream Hydrolysis (SSH) instead of the normal anaerobic process 
tank tended to have significantly fewer unwanted GAOs in contrast to many plants 
with traditional mainstream anaerobic tank and thus it was proposed that this system 
might be an effective strategy of control and prevention of unwanted GAO.  
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Abstract in Danish 
Renseanlæg med biologisk kvælstof og fosforfjernelse er den mest brugte 
metode til at fjerne nærringsstoffer fra spildevand. Ikke desto mindre har disse 
renseanlæg fungeret i mange år som såkaldte "sorte bokse", hvor specifikke 
procesparametre blev justeret uden den dybe forståelse af deres indflydelse på de 
centrale mikroorganismer. For at sikre optimal drift, procesoptimering og fejlfinding, 
er det afgørende at forstå det mikrobielle samfunds struktur og funktion, og de 
faktorer, der kontrollerer dette samfunds sammensætning og aktivitet. 
I denne undersøgelse er næsten 50 fuldskala renseanlæg blevet analyseret i 
detaljer (Mikrobiel database over danske renseanlæg), for at lære mere om 
bakteriesamfundet i aktivt slam og de love, der styrer tilstedeværelsen og væksten af 
samfundet. Dette er en af de første sådanne omfattende langsigtede undersøgelser af 
det mikrobielle samfund i fuldskala renseanlæg, hvor konventionel identifikation, 
molekylær identifikation med kvantitativ fluorescerende in situ hybridisering og 
omfattende procesinformation relateret til renseanlæggenes design og procesresultater 
er blevet sammenholdt. 
De mikrobielle populationer i de danske fuldskala renseanlæg er blevet 
screenet, og dette har gjort det muligt at definere en såkaldt "dansk standard for aktivt 
slam". De vigtigste funktionelle grupper er blevet identificeret, og de udgjorde op til 
80% af den samlede biomasse. Det var muligt at identificere grupper af centrale 
mikroorganismer, som er tilstede på alle undersøgte danske anlæg. Variationen af 
disse grupper er blevet analyseret gennem årene, og det blev påvist, at de var 
forholdsvis stabile i den tid undersøgelsen blev udført og en lighed mellem anlæggene 
blev observeret. På trods af ligheden i populationerne blev det påvist med statistiske 
metoder, at tilstedeværelsen af to funktionelle bakteriegrupper, Polyphosphat 
Akkumulerende Organismer / Glykogen Akkumulerende Organismer (PAO / GAO) 
og trådformede bakterier, i hvert renseanlæg havde sine egen unikke mikrobielle 
fingeraftryk. 
Der blev kun blevet observeret få korrelationer mellem bakteriers 
tilstedeværelsen og forskellige procesparametre eller anlægsdesign. Det har kun været 
muligt at relatere de anvendte behandlingssystemer med forekomsten af en enkel type 
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bakterie. For anlæg med biologisk P-fjernelse blev det vist at anlæg med 
sidestrømshydrolyse i stedet for de normale anaerobe procestanke har tendens til at 
indeholde significant lavere antal uønskede GAOs i forhold til mange anlæg med 
traditionel anaerobe tanke. Derfor er det blevet foreslået at sidestrømshydrolyse kan 
være en effektiv måde hvorved forekomsten af de uønskede GAOs kan kontrolleres 
og forebygges. 
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Objectives of the PhD project 
Activated sludge wastewater treatment plants are the most used wastewater 
treatment systems worldwide. Many abundant bacteria in activated sludge systems are 
now identified and their function is partly known. Finding and understanding the 
factors that influence existence and behaviour of microorganisms inhabiting activated 
sludge systems is of the great importance for environmental engineers, since it would 
help in better control of treatment plants and possibly reduce the operational costs. 
The overall aim of the project was to study in details all key bacterial groups 
involved in biological P-removal, nitrification/denitrification, hydrolysis, and 
fermentation that inhabit full-scale wastewater treatment plants with nutrient removal. 
The Microbial Database, which has been created and operated during this study, 
allowed also to follow and describe population dynamics and stability of the 
microbial community structure in relation to treatment and process information.  
The more specific objectives were to: 
• Identify and enumerate key microorganisms of all main functional groups 
in Danish activated sludge plants with nutrient removal, 
• Track temporal variations of these key populations, 
• Identify patterns of their presence and denote all correlations and relations 
between the bacterial species, treatment plant design, process parameters 
and wastewater composition. 
This PhD thesis encompasses the state of the art knowledge about microbial 
communities from full-scale activated sludge plants and gives the general overview of 
each of the main functional bacterial fractions. Three of the supporting papers 
describe the specific bacteria groups and the other presents the control strategy of the 
undesired microorganisms in the full-scale process. 
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“The important thing in science is not so much to obtain new facts as to discover new 
ways of thinking about them.”  
 Sir William Bragg (1862 - 1942) 
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1 Background 
1.1 The activated sludge system for wastewater treatment 
For more than one hundred years wastewater treatment has become one of the 
world largest technologies for environmental protection (Fuhs and Chen, 1975, 
Nielsen et al., 2010). Denmark, as one of the leading countries, has contributed 
significantly by development and establishment of advanced treatment in the 1980s 
(Vandmiljøplanen) and has in the following years had a great impact on the 
development in Europe and other parts of the world, both as a new knowledge 
distributor and new technologies implementer. During those years, many different 
treatment systems were elaborated in order to suit and fulfil different specific tasks 
(i.e. municipal, industrial or household). Among many systems applied and used 
nowadays, activated sludge treatment plants (WWTP) are the most popular and 
frequently used for wastewater treatment worldwide. 
The activated sludge process’s basic principle is to retain the settled biomass 
generated during the treatment process and reuse it to inoculate further fresh untreated 
waste (Henze et al., 2008). During many years of experimental setups and 
configurations, several different systems have been exploited and successfully 
operated. However, the major “stream” of configurations may be divided into the 
ones that remove only organic carbon, some that remove carbon and nitrogen and the 
one that remove also phosphorus, either chemically or biologically. A large part of the 
Danish municipal treatment plants belongs to the last group and the simple scheme 
below (Figure 1) depicts the typical treatment plant with Enhanced Biotechnological 
Phosphorus Removal (EBPR). 
 
Figure 1. Activated Sludge Plant with the EBPR process. 
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Nevertheless, the process of “activated sludge” has been invented in 1914 
(Arden and Lockett, 1914), for many years majority of the treatment plants carried out 
purification of wastewater without basic understanding of the biology involved in it. 
The systems were for many years operated as so called “black-box”, where specific 
process parameters were adjusted without deep understanding of their influence on 
the microbes. From a microbiological point of view activated sludge process is a 
biological process and its proper operation relies on naturally selected microbial 
populations to succeed (Seviour and Nielsen, 2010).  
1.2 Activated sludge systems: current status and shortcomings 
In many countries until now, treatment plant operators often manage the plants 
without detailed microbiological knowledge and without tracking the change of the 
microbial populations, which occasionally leads to deterioration of the activated 
sludge system. One of the reasons of “the lack of knowledge” is the difficulty in 
isolating the important bacteria for further studies due to lack of suitable isolation 
methods. Beside the lack of understanding of the microbial populations, or perhaps 
because of that, treatment processes encounter many different difficulties, for 
example process instability (Eikelboom 2000, Jenkins et al., 2004, Seviour and 
Nielsen 2010; Burow et al., 2007; Nielsen et al., 2010; Oehmen et al., 2005). The 
complications might typically be foaming or bulking of sludge, insufficient 
biological-P removal or even its deterioration, competition between bacteria (i.e. 
Polyphosphate Accumulating Organisms (PAO)/Glycogen Accumulating Organisms 
(GAO)). Some of these problems are partially understood, but it is still difficult to 
solve them. 
An example of successful control method for a typical problem might be the 
prevention of proliferation of foam causing filamentous bacteria - M. parvicella - by 
dosing of polyaluminium chloride, namely PAX- 14. It has been proven (Nielsen et 
al., 2005) that this specific compound can affect the physiology of M. parvicella (in 
this case inhibit uptake of a substrate) and thus eliminate the unwanted organisms 
from the system. However, the vast majority of studies dealing with bacteria involved 
in wastewater treatment processes are either dealing with single species or a narrow 
related groups, but very rarely regarding them as a functional group (group of bacteria 
that is performing specific function in a system i.e. remove phosphorus) or a system 
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of groups living together in one cohabitate (Kragelund et al., 2007; Nguyen et al. 
2011, Nielsen et al., 2009). Moreover, the common way to investigate full-scale 
processes is a simulation in lab-scale reactors, which are much smaller and easier to 
maintain (i.e. Sequencing Batch Reactors - SBR). This type of studies does not 
always resemble the “real” full-scale treatment processes very well and there are 
many cases that the findings from laboratories do not coincide with full-scale reality. 
It is thus obvious that in order to poses the full control of the activated sludge process 
and to be able to prevent unwanted situations a comprehensive understanding of the 
full-scale communities is a must. 
Additionally, studies from different disciplines like hydraulics, physics and 
microbiology are still trying independently to explain the system of wastewater 
treatment. Consequently, there are in one-hand equations and parameters describing 
the behavior of fluids and solids in treatment tanks and post-processing systems 
(Henze et al., 2002), and in the other hand detailed descriptions of single bacterial 
groups (Seviour and McIlroy, 2008; Nielsen et al., 2010). In order to ensure optimal 
operation, process optimization and troubleshooting, it is crucial to understand and 
combine both sides of that, namely ensure that treatment plant can remove C, remove 
P, nitrify and denitrify, and function of the microbial communities that perform 
majority of these task is fully understood.  
Until now, hardly any description about typical abundances, functional 
redundancy, temporal variations, stability of the key activated sludge microorganism 
is available. It is also not known which factors determine their presence (i.e. 
wastewater characteristics, plant design or specific operations) and a better knowledge 
is with no doubt crucial for proper treatment plant control and troubleshooting. A 
number of studies worldwide have tried to analyze such studies on selected groups 
(Nielsen et al., 2009) but no comprehensive studies, incorporating all abovementioned 
factors, have so far been carried out. 
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2 The Microbial Database over Danish Wastewater 
Treatment Plants. 
2.1 Establishment of the Microbial Database . 
In 2006, researches from Aalborg University, Danish wastewater treatment 
representatives and consulting companies representing the wastewater treatment 
sector decided to create a collection of data that can help to improve the current 
understanding of wastewater treatment systems. The “Microbial Database over 
Danish Wastewater Treatment Plants” was then established 
(www.microbialdatabase.dk). From 2006 until 2011 up to fifty different full-scale 
Danish treatment plants were active in the project. 
The main objective behind this initiative was to evaluate multiple N and P 
removal full-scale activated sludge systems both in terms of microbiology and 
engineering parameters and design. Additionally, the secondary objective was to help 
in answering very fundamental question: do these various systems have the same core 
of microorganisms present in all plants? The positive answer can possibly enable the 
formulation of generic theories that govern majority of activated sludge systems. 
2.2 The Microbial Database’s workflow and operation 
In order to ensure the optimal detail analysis, activated sludge samples were 
collected four times a year for seven treatment plants (January, May, August, 
November) and for the remaining plants twice a year (January, August). Together 
with the activated sludge samples, full process description of the key treatment plant 
process parameters (month averages and actual data) was collected in the 
Questionnaire (see Appendix) and saved in the Database.  
The WWTPs taking part in the project were distinct in terms of both size (from 
14000 – 410000 PE), but also in configuration (alternating / recirculation operation) – 
see Table S1 in Appendix. All plants had N-removal (nitrification and denitrification) 
and majority of them EBPR (anaerobic tank). The industrial load varied between 5% 
and 74% (from different industrial types, e.g. fish and dairy, etc.). Some of the EBPR 
have return sludge sidestream hydrolysis (SSH) tank where around 10-25% of the 
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return activated sludge was directed into the sidestream hydrolysis tank for a retention 
time of around 12-24 h.  
The following figure (Figure 2) illustrates how the data and samples were 
handled in the project. 
 
Figure 2. The Microbial Database workflow. 
Investigation of activated sludge samples has been performed at Aalborg 
University. Firstly, the samples were visually characterized with the use of light 
microscopy, according to the protocols by Eikelboom (2000), within 24h of sampling. 
General sludge properties such as sludge floc size (small, medium and large), floc 
structure (open structure, bridging between flocs by filaments, no filament impact), 
floc properties (strength, form and shape), filament index (FI) (range from 0-5, no 
filaments - very many filaments) were recorded. Secondly, the bacteria were 
identified and quantified by Fluorescence In Situ Hybridization (qFISH) with the use 
of approx. thirty different gene probes targeting bacteria members of different 
phylogenetic groups (Table 1 – see chapter 3.1).  
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3 Methods of investigation 
3.1 Quantitative Fluorescent In Situ Hybridization (qFISH) 
Quantitative Fluorescent In Situ Hybridization (qFISH) was applied for 
identification and quantification of the various bacteria in the WWTP. It has several 
advantages over other widely used culture-independent method based on the 
polymerase chain reaction (PCR) – like quantitative PCR (qPCR) – since PCR-related 
methods have a known and well-described PCR bias (von Wintzingerode et al., 1997) 
Additionally, while using qFISH, it is possible to visualize the morphology and 
quantify their % of the biovolume. 
The selection of the oligonucleotide probes applied in the Microbial Database 
project, were mainly based on the experience and results of other studies (i.e. Crocetti  
et al., 2002; Kong et al., 2008; Kragelund et al., 2005, 2006, 2007; Nielsen et al., 
2009, Nguyen et al., 2011) and also from own preliminary studies. Table 1 presents 
all probes, which have been used for the qFISH analyses.  
Table 1. qFISH gene probes used in the Microbial Database project. 
Functional 
group 
Probe name Target Reference 
Ammonia 
oxidizing 
bacteria (AOB) 
 
Nso190 Betaproteobacterial AOB Mobarry et al., 1996 
Nsv443 Nitrosospira spp. Mobarry et al., 1996 
Nsm156 Nitrosomonas spp., Nitrosococcus mobilis Mobarry et al., 1996 
NmV Nitrosococcus mobilis ("Nitrosomonas") 
lineage 
Mobarry et al., 1996 
Nmo218 Nitrosomonas oligotropha-lineage Gieske et al., 2001 
Nse1472 Nitrosomonas europea, N. halophila, N. 
eutropha, Kraftisried-Isolate Nm103 
Juretschko et al., 1998 
Nitrate 
oxidizing 
bacteria  
(NOB) 
Ntspa662 genus Nitrospira Daims et al., 2001 
Ntspa1431 Sublineage I of the genus Nitrospira Maixner et al., 2006 
Ntspa1151 Sublineage II of the genus Nitrospira Maixner et al., 2006 
Denitrifiers 
 
Curvi997 Curvibacter (former Aquaspirillum) Thomsen et al., 2004 
ZRA23a 
(ZRA, 
ZOGLO647) 
Most members of the Zoogloea lineage, not Z. 
resiniphila 
Rossello-Mora et al., 
1995 
Azo644 
(AZA645) 
Most members of the Azoarcus cluster Hess et al., 1997 
Thau646 Thauera Lajoie et al., 2000 
G Rb Rhodobacter, Roseobacter Giuliano et al., 1999 
Polyphosphate 
accumulating 
organisms (PAO) 
/Denitrifiers 
PAOmix 
(PAO462, 
PAO651 and 
PAO846) 
Most Accumulibacter Crocetti et al., 2000 
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 Acc-I-444 Accumulibacter type 1 Flowers et al., 2008 
Polyphosphate 
Accumulating 
Organisms 
 
Acc-II-444 Accumulibacter type 2  Flowers et al., 2008 
Tet-266 Tetrasphaera PAO – Clade 1 Nguyen et al., 2011 
Tet-892 Tetrasphaera PAO – Clade 2A Nguyen et al., 2011 
Tet-174 Tetrasphaera PAO – Clade 2B Nguyen et al., 2011 
Tet-654 Tetrasphaera PAO – Clade 3 Nguyen et al., 2011 
Glycogen 
accumulating 
organisms (GAO) 
 
GBmix Most Competibacter Kong et al., 2002 
DF1 mix 
(TFO_DF218 
and 
TFO_DF618) 
Defluviicoccus –related organisms (Cluster I) Wong et al., 2004 
DF2 mix 
(DF988 and 
DF1020) 
Defluviicoccus –related organisms (Cluster 2) Wong et al., 2004 
Protein 
hydrolysers 
SAP-309 Saprospiraceae – phylum Bacteroidetes Schauer et al., 2005 
Bac111 Skagen clones in Saprospiraceae Kong et al., 2007 
Fermenters Str Streptococcus spp. Trebesius et al., 2000 
Filamentous 
bacteria 
ALF968 Alphaproteobacteria, except of Rickettsiales 
(only filamentous bacteria were quantified) 
Neef, 1997 
G123T Thiothrix eikelboomii, T. nivea, T. unzii, T. 
fructosivorans, T. defluvii, Eikelboom type 
021N group I, II, III 
Kanagawa et al., 2000 
MPAmix Candidatus M. parvicella, Candidatus M. 
calida 
Erhart et al., 1997 
CFXmix 
(GNSB941, 
CFX1223 
Phylum Chloroflexi Gich et al., 2001 and 
Bjornsson et al., 2002 
Chl1851 Eikelboom type 1851 
(class Chloroflexi) 
Beer et al., 2002 
CLX197 Eikelboom type 0092 
(class Anaerolinea) 
Speirs et al., 2009 
CLX221 Eikelboom type 0092 
(class Anaerolinea) 
Speirs et al., 2009 
T0803-0654 Eikelboom type 0803 
(class Caldilineae) 
Kragelund et al., 2011 
TM7905 Candidate division TM7 Hugenholtz et al., 2001 
HHY-654 Several Haliscomenobacter species among 
others the type strain  
Kragelund et al., 2008 
 
An epifluorescence microscope (Axioskop 1 plus microscope, Carl Zeiss) was 
used for recording and acquiring images. The quantification of probe-defined 
populations by FISH was carried out according to FISH handbook (Nielsen and 
Daims, 2009). Each sample was diluted and homogenised (manually – with the use of 
the homogenizing piston; Morgan-Sagastume et al., 2008) before plating out a very 
thin layer on slides. After hybridization twenty random fields were chosen and images 
acquired with specific probe-defined population (Cy3) and the general EUBMIX 
(FLUOS). The biovolume of probe-defined populations was determined by image 
analysis software (ImageJ, http://rsbweb.nih.gov/ij/) and special custom-made macros 
were used for post-processing and data acquisition of all images. For some  
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group-specific probes that cover multiple morphologies (i.e. filaments and non-
filaments), modified macro was used for the particular analysis. The total number of 
bacteria in all plants was determined by the EUBMIX and by DNA staining with 4′6-
diamidino-2-phenylindole, DAPI (Kapuscinski et al., 1995).  
In order to assure the correctness of the qFISH results, various statistical tests 
were performed. Selected samples were analysed three times following the same 
procedure. The standard deviation for all values and probes were found to be between 
16-20% of the average value indicated. These results were compared with data 
obtained on the Confocal Laser Scanning Microscope with very similar results. For 
some gene probes it was essential to enhance the fluorescent signal by double 
labelling according to the DOPE-FISH procedure (Stoecker et al., 2010). 
3.2 Statistical approach 
To reveal any potential statistical correlations between probe-defined 
populations and particular variables of the WWTPs characteristics, e.g. design type, 
loading etc., a number of different statistical methods were applied. Descriptive 
statistics and graph analyses showing most common statistical parameters, such as 
means, medians and correlations etc. illustrating changes and shifts in the microbial 
community were determined. Frequency distributions were used to show the 
abundance of the different probe-defined filamentous species. Some parameters were 
subdivided e.g. industrial load (small, medium, large), sludge floc characteristics, 
DSVI values (low, medium and high) for statistical purpose.  
Pearson’s correlation (number between -1 and +1) measures the degree of 
association between two variables. A positive value for the correlation implies a 
positive association (large values of X tend to be associated with large values of Y 
and small values of X tend to be associated with small values of Y). A negative value 
for the correlation implies a negative or inverse association (large values of X tend to 
be associated with small values of Y and vice versa). 
Hierarchical clustering analysis based on all information found in the database, 
was used to identify possible groups of filamentous bacteria. The greater the 
similarity within groups and dissimilarity between groups, the better and more distinct 
clustering is obtained. The degree of clustering was depicted in a dendrogram. 
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Multivariate analysis of variance (MANOVA) was used to check whether or not 
the plants can be assumed to have similar composition of bacteria. Only significance 
level alpha=0.05 was taken into account. Wilks’ lambda was calculated, which is 
number between 0 and 1, explaining separation of the groups.  
• A small (close to 0) value of Wilks' lambda - groups are well separated. 
• A large (close to 1) value of Wilks' lambda - groups are poorly separated. 
 
Principal Component Analysis (PCA) was used to analyse multivariate 
numerical data. It allows to: 
• Quickly visualize and analyse correlations between the variables,  
• Visualize and analyse the observations (in our case samples differences)  
• Build a set of uncorrelated factors  
 
For correlation and cluster analyses the SPSS 19 package/XLSTAT was used, 
for PCA analyses the Unscrambler 11.01/XLSTAT. 
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4 Microbial population structure 
The qFISH analyses of the microbial populations and their abundances and 
dynamics were carried out in 21 EBPR plants and 7 non-EBPR plants over three 
years. The EBPR plants were investigated in most details and interestingly, in nearly 
all plants, approx. 80% of the entire biomass could be identified with the probes 
applied and approx. 20% of the bacterial population was not identified. Furthermore, 
a large fraction of the ones identified were practically identical in all tested EBPR 
plants and thus it was possible to present “Danish standard activated sludge”. These 
key groups were also defined as core species of the EBPR process in Danish WWTP 
and a Figure 3 is presenting their average abundance. Presence of core species is also 
known in other ecosystems, e.g. in digesters treating surplus sludge from treatment 
plants (Rivière et al., 2009) or the human gut (Qin et al., 2010). It appears that 
comparable ecosystems might have the core communities. Most of the core bacteria in 
the activated sludge system belonged to the Proteobacteria, Actinobacteria, and 
Chloroflexi phyla. 
 
Figure 3. Composition of the microbial communities in Danish EBPR plants – 
“Danish standard activated sludge”. Averages of 21 full-scale EBPR plants. 
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In this study, six main functional groups were defined based on extensive 
studies of the function of these probe-defined species as summarized by Nielsen et al., 
(2010), namely polyphosphate accumulating organisms, glycogen accumulating 
organisms, filamentous bacteria, nitrifiers, denitrifies, fermenting and hydrolysing 
bacteria. The following subchapters are describing in detail their abundances and 
population dynamics. 
4.1 Polyphosphate Accumulating Organisms (PAO) 
This functional group includes two genera: Accumulibacter and Tetrasphaera.  
Accumulibacter is well described in many studies, primarily in lab-scale studies 
(Carvalho et al., 2007; Crocetti et al., 2000; Flowers et al., 2008; He and McMahon, 
2011; Hesselmann et al., 1999; Oehmen et al., 2007). Several different physiologies 
have been previously described and it is possible to distinguish Accumulibacter types 
that can denitrify (i.e. Accumulibacter Type 1 - Carvalho et al., 2007 and Flowers et 
al., 2008) and the other that do not have this capability. The genus Tetrasphaera also 
contains several species with significant variations in morphology and physiology 
(Kong et al., 2005,2008; Nguyen et al., 2011).  
These two PAO groups are able under anaerobic conditions to uptake organic 
substrate, while under oxic conditions uptake phosphate and form polyphosphate 
inside their cells. The basic difference between these two PAO groups is that they use 
different carbon sources. Accumulibacter is utilizing mainly various volatile fatty 
acids (VFA) (e.g. acetate, propionate) (Kong et al., 2004, 2005; Flowers et al., 2008, 
2010), while the carbon source for Tetrasphaera is mainly consisting of amino acids. 
Importantly, Tetrasphaera can also ferment glucose and hydrolyse starch, which is 
very different from Accumulibacter (Kong et al., 2005, 2007, 2008; Nguyen et al., 
2011). 
Accumulibacter has for many years been regarded as the most common bacteria 
involved in the biological phosphorus removal process and is still considered a model 
organism for the process. Many studies (e.g. Gu et al., 2008; He et al., 2008, Lopez-
Vazquez et al., 2008; Nielsen et al., 2010; Wong et al., 2005; Zilles et al., 2002) have 
reported its abundance in percentages typically between 3-10% of all bacteria. 
Tetrasphaera is a newly discovered putative PAO (Kong et al., 2005) and has not yet 
been included in the different studies as a classical PAO. Recent studies by Nguyen et 
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al., (2011) and Nielsen et al. (2009), but also this project (Supporting paper No. 3) 
have shown that they are present in large quantity in most Danish EBPR plants in 
comparison to Accumulibacter. Thus they are likely just as important, if not more 
important, for the bio-P process. 
The analysis of the Microbial Database samples (see also Supporting paper  
No. 3) revealed that both PAO groups were present in all plants, also in these not 
designed to carry the bio-P process. The abundance of Tetrasphaera was much higher 
than Accumulibacter. Figure 4 depicts the average values of both PAO groups in 21 
plants with biological P removal. 
 
Figure 4. Seasonal average distribution of PAO between 2009 and 2010 in seven 
EBPR plants 
The total abundance of Tetrasphaera was typically between 20-25% and in few 
extreme cases even up to 25-30% of all Bacteria with an average for all plants of 
21%. The total percentage of Accumulibacter, targeted with PAOmix probe, was 
much lower than Tetrasphaera, namely between 2-6% of all Bacteria. 
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Different statistical approaches were applied in order to identify possible 
correlations between different populations in the plants and possible correlations 
between specific populations and various treatment plant characteristics. It was not 
possible to find strong correlations among parameters and treatment design that would 
seem to have an impact on mentioned PAO populations. It was also not possible to 
demonstrate separation and linkage between the samples, treatment plants and 
bacteria populations with the use of PCA and cluster analysis. Only few medium 
strength correlations were found for the amount of industrial contribution and the 
sludge loading and they both promoted Tetrasphaera (Supporting paper No. 3, 
Figures 6-7).  
Furthermore, from the detailed statistical analysis, it was possible to 
demonstrate that the use of neither alternating nor recirculating plant design affected 
the PAO populations. Since the abundances of PAO were relatively similar among the 
plants and periods (Figure 4), the general impression was that the composition was 
relatively stable in each plant over the two years, concluding from the qFISH 
investigation. However, with the use of MANOVA, it was possible to show that 
individual plants had large statistical difference between the PAO populations. In 
other words, all plants had a unique composition of PAO throughout the years of 
analyses. 
In the present study it was not possible to confirm other reports of the causative 
factors that could possibly affect the PAO populations (Lopez-Vazquez et al., 2008; 
Lopez-Vazquez et al., 2009a; Lopez-Vazquez et al., 2009b; Van Loosdrecht et al., 
1997; Whang and Park 2006). Although all factors, i.e. pH, temperature and COD/P 
ratio were included in the analyses, none of them seem to have a direct influence on 
Danish PAO populations. It is most likely due to the fact that the Danish plants 
encompassed in the Microbial Database were similar enough in terms of plant design, 
operation and wastewater composition that the statistical tests could not resolve 
potential correlations. The other possible reason for the lack of correlations is the 
scope of available qFISH probes, since the broadness of many used probes is 
relatively large and it might be possible to find stronger dependencies and relations on 
the phenotypic level. 
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4.2 Glycogen Accumulating Organisms 
Glycogen Accumulating Organisms (GAO) is a group of bacteria that is very 
important in terms of stability of biological phosphorus removal process. Like 
Accumulibacter, GAO can uptake same substrates under anaerobic conditions, but 
they do not accumulate phosphorus under aerobic conditions (Kong et al., 2002). This 
makes them natural competitors of PAO. Some studies have demonstrated their 
competition in full- and lab-scale experiments. If the abundance of GAO were large 
enough, they could outcompete Accumulibacter (PAO), thereby deteriorating the 
biological phosphorus removal (Burow et al., 2007; Crocetti et al., 2002; Kong et al., 
2002; Nielsen et al., 2010, Oehmen et al., 2005; Thomas et al., 2003). 
Two types of GAO have been identified, namely Defluviicoccus - related 
bacteria (Wong et al. 2004; Meyer et al., 2006) and ‘Candidatus Competibacter 
phosphatis’ (Crocetti et al., 2002; Kong et al., 2002; Meyer et al., 2006; Wong et al., 
2004). Typically, both of them are found worldwide in full-scale plants (Burow et al., 
2007; Kong et al., 2002) and their abundance (for both species) varies from their 0 
and  up to 35% (Burow et al., 2007, Nielsen et al., 2009). 
In the Microbial Database survey, the two types of GAOs, Competibacter and 
Defluviicoccus were found in only some plants in significant amounts (see Figure 5). 
Competibacter was consistently present in only two plants over the three years at 
abundance up to 7.2%, but nearly always in abundance slightly lower than 
Accumulibacter in the same plant. In nine out of twenty one plants, GAOs were 
occasionally present. Defluviicoccus (Type 1 and 2) were only occasionally present in 
seven plants and consistently in two (Bjergmarken and Hjørring) with up to 4.7% of 
the total biovolume. 
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Figure 5. Seasonal average distribution of GAO between 2009 and 2010 in seven 
EBPR plants.  
Since they are competitors in the EBPR systems, many studies were devoted to 
find the particular cause of their abundance, but also trigger of their growth and 
competition advantage. It has been found that parameters such as COD/P (Liu et al., 
1994; Mino et al., 1998), pH (Oehmen et al., 2007) and temperature (Lopez-Vazquez 
et al. 2008) could be the ones that have an impact on PAO/GAO competition. 
However, in this study it was not possible to repeat these patterns with the use of any 
of the statistic methods. It might possibly be due to rather big stability of nearly all of 
the mentioned factors in Danish treatment plants and experienced plant operators. 
Possibly, the causative factor in plants with GAO was the specific wastewater 
composition. 
Interestingly, the study showed plants with return sludge side-stream hydrolysis 
(see Figure 6) instead of the conventional anaerobic process tank had fewer GAOs in 
contrast to many plants with traditional mainstream anaerobic tank.  
 
 
28 
	  
PhD dissertation – Artur Tomasz Mielczarek 
	  
	   	  
 
Figure 6. Simplified flow diagram of a wastewater treatment plant with return sludge 
side-stream hydrolysis. 
Additional lab-scale experiment (see Supporting paper No. 4) tested the effect 
of the 1-2 day anaerobic residence time that is similar what bacteria experience during 
return sludge side-stream. Accumulibacter retained the ability to take up substrate for 
at least 7 days anaerobic conditions, whereas after only approx. 12 h the substrate 
uptake by Competibacter had stopped. It has thus been proposed that this system 
might be an effective way of control and prevention strategy for unwanted GAO. 
4.3 Filamentous bacteria 
Filamentous bacteria are an important and often abundant functional group in 
most activated sludge systems. Their control is essential in order to ensure well 
performing treatment processes since they can cause poor settling (bulking) and 
foaming (Eikelboom 2000; Jenkins et al., 2004; van der Waarde et al., 2002). The 
direct role of the filamentous bacteria in the activated sludge processes in the 
treatment plants is not known fully yet, but their role as floc former, and function in 
settling and foaming processes is well documented (Kragelund et al., 2007; Kragelund 
et al., 2011; Miura et al., 2007). Their excessive proliferation can be very problematic 
for plant operation and there is no general strategy to control these filamentous 
organisms, primarily because of huge species diversity (Eikelboom, 2000; Jenkins et 
al., 2004; Kragelund et al., 2010). 
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Filamentous bacteria differ both in morphology and in ecophysiology and until 
now thirty different filamentous morphotypes of bacteria have been described in 
WWTP treating primarily domestic wastewater (Eikelboom, 2000) and even more in 
industrial plants (Elkelboom and Geurkink, 2002; Kragelund et al., 2006; Kragelund 
et al., 2007; Kragelund et al., 2007; van der Waarde et al., 2002). Recent studies using 
molecular methods such as qFISH have revealed that it is difficult and often 
unreliable to identify the filamentous bacteria by morphology and chemical staining 
alone, so applying FISH or other molecular techniques is strongly recommended. 
In the treatment plants examined, the abundance of filamentous bacteria was 
very high with an average of 24% of all bacteria. Figure 7 depicts average seasonal 
distribution among the treatment plants. 
 
Figure 7. Seasonal average distribution of filamentous bacteria between 2009 and 
2010 in seven EBPR plants 
The most abundant probe-defined species were Microthrix, Chloroflexi type 
0092, Chloroflexi type 0803, and TM7. This has also been previously reported and 
these filamentous species are commonly abundant in activated treatment plants (Beer 
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et al., 2002; Jenkins et al., 2004; Levantesi et al., 2004). The filamentous populations 
were relatively stable in all plants during two years of analysis without large 
fluctuations or changes, however it differed from plant to plant (see Supporting paper 
1 and 2). 
It was not possible again to find any significant correlations between the 
presence of filamentous bacteria and any of the treatment facility. None of specific 
single process parameters were associated with their presence by any of the statistical 
methods. Surveys like Kampfer (1997) and van der Waarde (2002) intended to 
recognize more factors influencing filament abundance and factors determining their 
presence, such as wastewater composition and treatment plant design and operation It 
has been proposed (Eikelboom, 2000; Jenkins et al., 2004; Wanner and Grau, 1989; 
Wanner, 1994) that certain species have preferred operational conditions and it is 
possible to control some of them (Nielsen et al., 2005). However, theses studies in 
majority used the classical filament identification method and it makes it hard to 
compare with this studies founding. 
Interestingly, it was possible to show, with the use of MANOVA, that each 
treatment plant, even though populations seemed alike, have their own filamentous 
bacteria fingerprint. Additionally, the PCA analysis (see also Supporting paper No. 2, 
Figure 7) indicated that filamentous populations in all treatment plants differed 
significantly between two years. This indicates strongly, that it may be unreliable to 
rely on correlations, patterns or other relations deducted from short-term studies, 
which is a common practice nowadays. 
Since it was impossible to discover any causative factor of filament abundance 
and presence, presumably the main controlling factor affecting this population is 
specific substrate composition of the wastewater and the major operational change in 
the treatment plant. In this study, general parameters have been used that seem not to 
have the resolution needed to discover specific triggers for certain filaments. 
4.4 Nitrifiers 
Nitrification takes place in the aerobic period of the activated sludge process 
and is a two-step conversion of ammonium into nitrate with the intermediate nitrite. 
The first step is performed by ammonium oxidizing bacteria (AOB), while the second 
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step by nitrate oxidizing bacteria (NOB). It is a well-studied process and key bacterial 
players have been discovered in many treatment plants around the world (Mobarry et 
al., 1996; Juretschko et al., 1998, 2002; Wagner et al., 1996). AOBs are usually 
represented by two bacterial groups: Nitrosospira and Nitrosomonas. Within the 
group Nitrosomonas mainly three species are present, namely N. europea, N. mobilis 
and N. oligotropha. NOB is represented by two groups of Nitrobacter and Nitrospira 
(Daims et al., 2001; Maixner et al. 2006). Nitrospira is further divided into two 
sublinage (Sublinage 1 and Sublinage 2). However, with the use of the molecular 
methods  Nitrobacter is not anymore considered as one of the most common bacterial 
group, and now is only linked with systems high nitrite concentration’ system 
(Gieseke et al., 2003). This was confirmed in this study, where Nitrobacter not was 
found. 
In the Danish plants, the abundance of nitrifiers were very stable and did not 
differ much during three years of investigation. Figure 8 depicts average seasonal 
changes of nitrifying community among the treatment plants. 
 
Figure 8. Seasonal average distribution of nitrifiers between 2008 and 2010 in seven 
EBPR plants 
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In the Danish treatment plants AOB were generally more abundant than NOB. 
It is interesting and mostly visible especially in 2009 and 2010 that both groups 
follow each other abundance pattern. AOBs were detected in the range 3-5% and 
NOB in slightly lower levels 2.5-3% of all Bacteria. Nitrosospira was the dominant 
AOB and in neither of plants was outnumbered by Nitrosomonas (targeted by 
Nsm156 gene probe). Both of Nitrospira sublinages were detected, however 
Sublinage 2 level was very rarely exceeding 0.5%. This is with agreement with 
previous full-scale studies (Kong et al., 2008). 
Specific correlations and detailed statistical analysis has not been performed on 
nitrifiers, but only mutual correlation between bacteria. This analysis did not show 
any strong relation between any of particular nitrifying species – Figure 9. 
 
Figure 9. Mutual correlations between nitrifiers 
 
4.5 Denitrifiers 
The denitrification is the step in the removal of nitrogen, where the nitrate 
formed by nitrifiers is converted into free nitrogen in the anoxic tank. There are many 
different species of bacteria found in activated sludge system that are able to denitrify. 
Previous studies have found many bacteria that are able to denitrify and they are 
mainly species belonging to the following species genera: Accumulibacter, Azoarcus, 
Curvibacter, Thauera, Zoogloea and Rhodobacter (Juretschko et al., 2002; Hesselsoe 
et al., 2009; Nielsen and Hansen, 2010; Morgan-Sagastume et al., 2008; Osaka et al., 
2006; Thomsen et al., 2007; Wagner and Loy, 2002). It is likely that there are 
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additional species, but untill now there are nearly no other available gene probes for 
their identification.  
In the Danish plants, denitrifiers were very abundant and their level showed 
some variations in time. Figure 10 depicts average seasonal changes of denitrifying 
community among the treatment plants. 
 
Figure 10. Seasonal average distribution of denitrifiers between 2008 and 2010 in 
seven EBPR plants 
The denitrifying community constitutes a large fraction of the total bacteria 
living in activated sludge systems. The Curvibacter was the dominant and most 
abundant for majority of samples with levels ranging from 5-10% of all bacteria. 
Denitrifiers were not that stable in terms of dynamics and as it is easily seen on the 
Figure 10. There have been quite remarkable variations among three other 
denitrifying members. The abundance of denitrifiers found in the plants investigated 
generally agreed with previously studies (Hagman et al., 2008; Rossellò-Mora et al., 
1995; Thomsen et al., 2004). However, it is worth to mention that in other studies 
denitrifiers were also not that stable and usually their abundance were given in a 
range scale. 
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Detailed statistical analyses have not been performed on this functional group, 
but only mutual correlation between bacteria. This analysis did not show any strong 
relation between any of particular denitrifying species – Figure 11. 
 
Figure 11. Mutual correlations between denitrifiers 
 
4.6 Other functional groups 
Besides the functional groups of greater importance for the plant operation in 
relation to C, N and P removal, other groups are also present. Some of these are 
bacteria involved in sulphate or iron reduction (Nielsen and Nielsen, 2002; Manz et 
al., 1998), others are engaged in fermentation and hydrolysis.  
The hydrolysis stage is very important since large macromolecules like proteins 
or lipids need to be hydrolysed to fatty acids or amino acids before they are consumed 
by bacteria. There is one abundant species, besides filamentous Microthrix and 
Chloroflexi, namely Saprospiraceae (Xia et al., 2007, 2008) that is a protein 
hydrolyser. 
The fermentation process takes place under anaerobic condition and during the 
process mainly carbohydrates and amino acids are transformed into acids such as 
lactic acid and acetic acid. These can later be consumed by PAO, GAO and 
denitrifiers. Currently, only few fermenting bacteria are identified, namely 
Tetrasphaera, and filamentous Streptococcus (Kong et al., 2008). Streptococcus and 
Saprospiraceae constitute stable, but rather small group (see Figure 12) in Danish 
EBPR plants. Both hydrolysing and fermenting bacteria are poorly studied and there 
are no other studies investigating their presence in the full-scale plants. 
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Figure 12. Seasonal average distribution of fermenting and hydrolysing bacteria 
between 2008 and 2010 in seven EBPR plant 
 
4.7 Validity of the statistical approach 
The insignificant number or even lack of the relation and strong correlation 
between the abundances of bacterial species in functional groups or between bacteria 
and operational parameters or treatment plant design can raise doubts about the 
correctness of the analysis or their primary hypothesis and assumptions. However, 
when all the bacterial data are pulled together and mutual correlations of bacterial 
presence are checked, it is possible to depict strong correlation. The Figure 13 shows 
some, still few, strong correlation. 
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 Figure 13. Mutual correlation between bacterial abundances. 
An example of the strong correlations might be one between the filamentous 
bacteria – Chloroflexi and protein hydrolysing bacteria – Saprospiraceae. This 
relation is meaningful, since it has been shown (Xia et al., 2008) that Saprospiraceae 
grows as an epiphytic growth on the filamentous bacteria.  
Other way of looking at the patterns of presence of microbial composition is 
restricting of the data to plant wise observations that might reduce some of the noise 
and the variable disturbances.  
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5 Conclusions and future perspectives 
The objective of this PhD project was to carry out a comprehensive 
investigation of microbial communities in the full-scale activated sludge plants with 
nutrient removal and find possible correlations with treatment process parameters and 
treatment plant specific design. This study has brought a new insight into the 
microbial populations that play crucial role in treatment process. This is one of the 
first such comprehensive long-term investigations of nearly total microbial 
community in full-scale wastewater treatment plants, where conventional 
identification, molecular identification by quantitative Fluorescent In Situ 
Hybridization and extensive process information related to treatment plant design and 
process performance have been used at the same time. The construction of the 
“Microbial Database” has greatly contributed in obtaining a new insight into the most 
important populations in a range of different Danish full-scale treatment plants. 
General outcome of the thesis can be concluded as following: 
• The microbial communities of all investigated EBPR plants were very 
similar, revealing a core of approx. 30 probe-defined species that were 
typical for all Danish EBPR plants. 
• Most probe-defined populations exhibited a high temporal stability 
throughout the 2-3 years survey period, but small differences were 
noticeable among the treatment plants.   
• It was possible to demonstrate that the presence of PAO/GAO and 
filamentous bacteria in each treatment plant had its own unique microbial 
fingerprint. 
• Tetrasphaera was the most abundant PAO and in all treatment plants 
significantly outnumbered Accumulibacter. 
• Only few statistically significant correlations between treatment plant 
design process parameters or wastewater composition were found. 
• Side-stream hydrolysis may control Competibacter in full-scale EBPR 
systems and thus improve EBPR plant stability and its performance. 
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• The main controlling factors affecting the activated sludge microbial 
populations are likely substrate composition of the inflowing wastewater 
and the major operational changes in the treatment plant. 
This PhD study gives a general overview of the activated sludge community 
structure and the knowledge incorporated provides a great background for future 
studies. The identification of core activated sludge microorganisms can simplify 
future studies in terms of conceptual and quantitative modelling, and deeper 
investigations. The presence of these core populations in the full-scale plants suggests 
also that the data obtained from previous detail studies can be interpolated to the 
wastewater treatment field as a whole. Moreover, the data presented here constitutes a 
general reference for new molecular techniques in this field, i.e. pyro-sequencing and 
genomics and might be essential for optimization of new methods. Additionally, 
practical implication of this thesis, such as incorporation of side-stream hydrolysis 
systems in the new generations of treatment plants might be a great factor for 
operational stability of EBPR process. 
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Table 1. Details on the Danish nutrient removal plants investigated 2007-2010. All plants carry out nitrification, denitrification and chemical or 
biological P removal.  
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Bjergmarken 
4 
125000 83000 + – – + + none 
Egå 120000 84000 – + + – – none 
Ejby Mølle 410000 236000 + – – + + none 
Hjørring 160000 100000 – + – + + none 
Skive 123000 39590 – + + – – none 
Aalborg West 330000 195000 + – + + + Molasses 
Aalborg East 100000 45000 + – + – – Molasses 
Boeslum 
2 
26000 10000 – + – + + none 
Fornæs 60000 45000 – + – – – none 
Fredericia  420000 – + – – – none 
Haderslev 100000 48458 + – – – – none 
Kerteminde 25000 16000 – + – –  none 
Kolding 125000 80000 + – – + + none 
 
 
Lundtofte 135000 110000 + – – + + Propylene/Ethylene 
glycol 
Mørke 14000 8300 + – – + + none 
Odense Nordøst 37000 26000 + – – – – none 
Randers 130000 75000 – + + + + Acetic acid 
Ringkøbing 42500 20000 + – + + + none 
Søholt 100000 65000 + – + + + none 
Viby 100000 41200 – + + – – none 
Åby 93000 71000 + – + + + none 
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Avedøre 345000 330000 + – – – – none 
Hirtshals  133000 + – – – – none 
Horsens 140000 140000 – + – + + Molasses 
Marselisborg 220000 157000 + – – + + none 
Odense Nordvest 75000 51000 + – – – – none 
Viborg 80000 68000 + – – + + Methanol 
Aars 105000 60000 + – – – – none 
Description: 
PE – Population Equivalent 
– no / absence 
+ yes / presence  
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Bjergmarken 20 Slaughterhouse, diary, enzyme production  25-30 85-152 13-16 
Egå 40 Hospital, Silk factory, incineration plant 20-25 90-150 10-18 
Ejby Mølle 55 Paper factory,food, incineration plant, hospital,  20-25 104-200 13-18 
Hjørring 30 Food  20-25 60-100 9-17 
Skive 20 Mixed  20-25 85-118 8-18 
Aalborg West 30 Diary  20-25 107-157 10-18 
Aalborg East 10 Slaughterhouse, chemical 20-25 62-122 8-18 
Boeslum 5 Mixed 25-30 66-92 10-15 
Fornæs 75 Chemical 20-25  10-20 
Fredericia 40 - 20-25 51-166 - 
Haderslev 5 Mixed 20-25 76-132 - 
Kerteminde 10 Food, metalurgy 20-25 78-130 12-16 
Kolding 14 Food, metalurgy 20-25 90-135 9-15 
Lundtofte 5 Chemical 20-25 121-127 10-18 
 
 
Mørke 5 Mixed 20-25 68-87 - 
Odense Nordøst 21 Food, mixed 20-25 87-185 10-15 
Randers 5 Diary, food  25-30 79-117 9-18 
Ringkøbing 10 - 25-30 124-149 9-13 
Søholt 35 Textile, food 20-25 89-105 9-17 
Viby 5 - 20-25 97-118 8-17 
Åby 20 Mixed 20-25 96-171 12-20 
Avedøre 20 medicinal og fødevarer virksomheder 20-25 136-260 12-18 
Hirtshals 70 Fish, food, mixed 20-25 91-112 - 
Horsens 60 Slaughterhouse, mixed 20-25 76-129 12-18 
Marselisborg 45 Slaughterhouse, food 20-25 72-107 - 
Odense Nordvest 18 Food, mixed 20-25 110-198 11-18 
Viborg 10 Hospital 25-30 76-155 11-15 
Aars 85 Slaughterhouse 25-30 39-133 9-17 
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Abstract
Micromanipulated filamentous bacteria from bulking and foaming activated
sludge morphologically identified as Eikelboom type 0803 were shown to be
affiliated to the genus Caldilinea within the phylum Chloroflexi. Specific FISH
probes were designed for their in situ detection and quantification in seven Danish
wastewater treatment plants with biological nutrient removal. The survey applied
all species-specific probes for Chloroflexi of relevance in activated sludge treatment
plants as well as the phylum-specific probes. Type 0803 filaments constituted
around 20% of the total Chloroflexi population. In four of the treatment plants,
type 0803 and type 0092 co-occurred and were the dominating fraction of the
Chloroflexi population. In the other plants, most Chloroflexi could not be identified
beyond the phylum level, suggesting a yet far larger diversity. On average, for all
plants, the total Chloroflexi population constituted 12% of the entire microbial
population and seems to play an important structural role in the sludge floc
formation. Ecophysiological characterization of type 0803 showed their potential
role in macromolecule conversion as evident by high levels of exoenzyme
expression. Acetate was not consumed. Glucose was consumed with oxygen, nitrite
and nitrite as electron acceptors, suggesting that type 0803 may be a denitrifier.
Their surfaces were hydrophobic, explaining their occasional occurrence in
foaming incidents.
Introduction
Bulking and foam resulting from excessive growth of
filamentous bacteria are still causing major problems in
activated sludge wastewater treatment plants (WWTPs)
worldwide (Jenkins et al., 2004; Wanner et al., 2010). More
than 30 different filamentous morphotypes have been
identified in plants receiving mainly municipal wastewater,
and an additional 40 types have been found in industrial
WWTPs (Eikelboom & Geurkink, 2002; Eikelboom, 2006).
However, only relatively few of these filamentous species
account for the majority of bulking and foaming incidents
in municipal and industrial treatment plants (Eikelboom &
Geurkink, 2002; Jenkins et al., 2004; Eikelboom, 2006).
Today, nearly all troublesome filamentous bacteria can be
identified to the species level or at least to the genus or the
group level by FISH using species- or group-specific oligo-
nucleotide probes as evaluated recently by Kragelund et al.
(2009).
One of the few abundant morphotypes, not yet identified,
is Eikelboom’s type 0803. This type is common in municipal
WWTPs and occasionally associated with bulking and
foaming (Eikelboom, 2000; Jenkins et al., 2004). Attempts
to grow type 0803 in a pure culture for identification and
biochemical characterization were not successful in one
study due to the paucity of growth, and in another study,
the isolates obtained were never deposited in any culture
collections (Williams & Unz, 1985; Bradford et al., 1996).
Micromanipulation of this morphotype and subsequent 16S
rRNA gene sequence analysis indicate that they are affiliated
to the class of Betaproteobacteria (Bradford et al., 1996).
However, other investigations in treatment plants applying
the group-specific probe BET42a, detecting the majority of
the Betaproteobacteria, have never confirmed this (Eikel-
boom & Geurkink, 2002). In some recent cases with bulking
incidents with both municipal and industrial wastewaters,
we have observed that morphotypes 0803 in fact belong to
the phylum Chloroflexi, as they were targeted by the phylum
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probes. These findings suggest that this morphotype either
was misidentified in the study by Bradford et al. (1996) or
type 0803 is not a single genetic entity, as has also
been observed for other morphotypes such as type 1863
(Rossetti et al., 1997; Seviour et al., 1997) and Nostocoida
limicola (Liu et al., 2000, 2001; Schade et al., 2002; Levantesi
et al., 2004).
Filamentous bacteria belonging to phylum Chloroflexi are
very abundant in both municipal and industrial WWTPs
and in much higher quantities than anticipated previously
(Beer et al., 2002; Bjornsson et al., 2002; Kragelund et al.,
2007). Recent surveys have estimated that filamentous
Chloroflexi constitute up to 30% of the entire biovolume in
nutrient removal plants (Beer et al., 2006; Kong et al., 2008;
Morgan-Sagastume et al., 2008a; Nielsen et al., 2010c) and is
often the most abundant phylum of the filamentous organ-
isms. Interestingly, Chloroflexi encompass several Eikelboom
types such as type 0092 (unclassified Anaerolineaceae)
(Speirs et al., 2009), type 1851 (class Chloroflexi) (Beer
et al., 2002; Kragelund et al., 2007) and probably also type
0041 with epiphytic growth (Kragelund et al., 2007). Spe-
cies-specific probes are available for the identification of the
two first types. Type 0092 was identified recently in two
versions, a thin and a thicker one present in municipal
plants [targeted by probes CLX197 and CLX223 (Speirs
et al., 2009)]. It is also clear, however, that many species
belonging to Chloroflexi are still unidentified, and as we will
show in this paper that one of these is type 0803.
Limited information is currently available about the
function of Chloroflexi in WWTPs that could explain their
numerical importance. They appear to be involved in the
degradation of complex compounds such as polysaccharides
and proteins (Kindaichi et al., 2004; Okabe et al., 2005;
Kragelund et al., 2007; Miura et al., 2007; Xia et al., 2007;
Miura & Okabe, 2008). Most studies find activity under
aerobic conditions or when using nitrate as an electron
acceptor (e-acceptor) (Kragelund et al., 2007; Morgan-
Sagastume et al., 2008b), but some of the few isolates
obtained in pure culture have also exhibited activity under
strictly anaerobic conditions (Yamada et al., 2005, 2006,
2007).
In this study, we have identified Eikelboom’s morphotype
0803 to belong to the class Caldilineae in Chloroflexi. Two
specific probes were designed based on sequences from
micromanipulated filaments originating from both munici-
pal and industrial WWTPs. Moreover, a probe targeting
most members of the genus Caldilinea was designed. The
different Chloroflexi populations were quantified in seven
well-characterized Danish municipal WWTPs with nutrient
removal using all species-specific and phylum-specific
probes available on samples collected over 2 years. Addi-
tionally, ecophysiological studies of probe-defined type 0803
were also carried out.
Materials and methods
Activated sludge samples
Micromanipulation
Both municipal and industrial WWTP samples were used
for micromanipulation according to Blackall (1991). All
samples had a high filament index of 3–4 (ranging from 0
to 5, none to very many) and were dominated by morpho-
type 0803 (Eikelboom & van Buijsen, 1983). All hybridized
with the Chloroflexi phylum probes (CFXMIX), but not with
any species-specific probes. Activated sludge samples from
WWTPs with and without denitrification and enhanced
biological phosphorus removal (EBPR) were included.
Ecophysiology
Experiments were carried out with activated sludge from two
Danish municipal WWTPs (Hadsten and Voldum) with type
0803 as the dominating filament (filament index of 2.5–3).
The plants’ configuration was recirculation with nitrification
and denitrification. The plants received only municipal
wastewater and were designed for 21 000 and 2500 persons’
equivalents (PE), respectively. Activated sludge was collected
from the aeration tank and sent to Aalborg (Denmark) by
express mail overnight. In situ experiments were conducted
immediately after arrival of the sample. Also, foam was
observed in Hadsten WWTP and, when examined, type
0803 was the causative agent. Undiluted activated sludge and
diluted foam were used for exoenzyme and surface property
experiments. In all other experiments, the sludge was diluted
to 1 g SS L1 with nitrate- or nitrite-free supernatant from the
activated sludge.
Quantitative FISH (qFISH) survey
Activated sludge samples from seven Danish WWTP (Bjerg-
marken, Egå, Ejby Mølle, Hjørring, Skive Aalborg East, and
Aalborg West) were investigated over a 2-year period (2008
and 2009). All plants had N-removal (nitrification and
denitrification) and EBPR. The industrial load varied be-
tween 10% and 74% (from different industrial types, e.g.
fish and dairy, etc.) and the total load was between 50 000
and 284 000 PE. Sampling periods 1–4 corresponded to the
different seasons, for example spring (May), summer
(August), autumn (November), and winter (January). More
details can be found in Nielsen et al. (2010c).
Micromanipulation and gene probe design
FISH in suspension was performed on selected samples (Thom-
sen et al., 2004) using probes CFXMIX targeting the phylum
of Chloroflexi (see Table 1). A Skerman micromanipulator
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was mounted on a long-distance  33 objective on an
Axioskop 2 plus microscope (Carl Zeiss, Oberkochen,
Germany). Sludge samples were pooled, to obtain morpho-
types 0803. Direct PCR was carried out using a mixture of
8F11390R and 26F11492R (Lane, 1991; Hicks et al., 1992;
Fox et al., 1995). Two different broad-range reverse primers
were applied due to their different specificities. The PCR
products were purified with Nucleospin Extract II columns
(Machery-Nagel, Germany) and cloning was carried out
using a TOPO TA Clonings Kit for Sequencing (Invitro-
gen). Clones were randomly selected and the plasmids were
amplified using rolling circle amplification with the Illus-
traTM TempliPhi Kit (GE Healthcare, Denmark) according
to the manufacturer’s instruction. The plasmids were se-
quenced by Macrogen (Korea), using M13F and M13R
primers as well as the internal primers (341F and 907F and
R; Lane, 1991). Possible chimeric sequences were checked
using BELLEROPHON (Huber et al., 2004). Sequence alignment
and phylogenetic trees were constructed using the ARB soft-
ware package (Ludwig et al., 2004) with the SILVA reference
database (release 100) (Pruesse et al., 2007). Phylogenetic
trees were calculated with near full-length sequences
(4 1300 nt) and a filter generated by minimal base similar-
ity of 50% using distance matrix and maximum likelihood
approaches. All methods resulted in congruent tree topolo-
gies. In Fig. 1, the tree based on the AxML maximum
likelihood algorithm showing the closest relatives is illu-
strated, along with all known isolates from the phylum of
Chloroflexi.
New FISH probes were designed for type 0803 and the
genus Caldilinea using the probe design software in ARB. A
hierarchical approach was used where group-specific probes
were applied together with the species-specific probes listed
in Table 1. To evaluate the formamide concentration for
optimal stringency, the probes designed were analyzed on
ethanol-fixed activated sludge samples from the plant where
the filaments were originally observed, by applying a hybri-
dization buffer containing 0–60% formamide (5% incre-
ments). A number of pure cultures were also included for
probe testing, type strains of Caldilinea aerophila (DSM
14525), Sphaerobacter thermophilus (DSM 20745), and Herpe-
tosiphon auratiacus (DSM 785). The fluorescent signal was
recorded, and the fluorescent intensity was measured using
image analysis software with a designed macro (IMAGEJ 1.33s,
Rasband W, National Institutes of Health; http://rsb.info.nih.
gov/ij/). All probes were blasted using RDP to check specificity
(http://rdp.cme.msu.edu/probematch/search.jsp).
Nucleotide accession numbers
The partial ribosomal gene sequences obtained in this study
were deposited in GenBank under the accession number
HQ262528–HQ262533.
FISH
FISH was applied using the group- and species-specific 16S
rRNA gene-targeted oligonucleotide probes shown in Table
1 [see the details in probeBase (Loy et al., 2007)]. The probes
were labelled with 5(6)-carboxyfluorescein-N-hydroxy-suc-
cinimide ester (FLUOS) or with the sulfoindocyanine dyes
(Cy3 and Cy5) (Biomers, Ulm/Donau, Germany). The FISH
procedure was conducted as described in detail elsewhere
(Nielsen, 2009). An epifluorescence microscope (Axioskop 2
plus microscope, Carl Zeiss) was used for recording
Table 1. Overview of the specificity, sequences, and hybridization conditions of the oligonucleotide probes used
Probe name Specificity Probe sequence (50–30) % FA Reference
EUB338 Most Bacteria GCT GCC TCC CGT AGG AGT 0–60 Amann et al. (1990)
EUB338-II Planctomycetales GCA GCC ACC CGT AGG TGT 0–35 Daims et al. (1999)
EUB338-III Verrucomicrobiales GCT GCC ACC CGT AGG TGT 0–60 Daims et al. (1999)
CFXMIX
(CFX12231GNSB941)
Phylum Chloroflexi CCA TTG TAG CGT GTG TGT
MG1AAA CCA
CAC GCT CCG CT
35 Bjornsson et al. (2002),
Gich et al. (2001)
Chl1851 Eikelboom morphotype 1851 AAT TCC ACG AAC CTC TGC CA 35 Beer et al. (2002)
CLX197 Eikelboom morphotype 0092 TCC CGG AGC GCC CTG AAC T 40 Speirs et al. (2009)
CLX221 Eikelboom morphotype 0092 GGT GCT GGC TCC TCC CAG 35 Speirs et al. (2009)
T0803-0654 Eikelboom morphotype 0803 ACA CCC CTC TCA CYR CCT 30 This study
T0803ind-0642 Industrial Eikelboom morphotype 0803 CTG CCT CAA GCT ACT CAG 30 This study
h1T0803ind-0607 Helper probe for T0803ind AGT TAA GCC AGG AGA TTT This study
h2T0803ind-0625 Helper probe for T0803ind TTT CCA ACG ACC CCT CCC This study
h3T0803ind-0662 Helper probe for T0803ind GAA TTC TAC ACC CCT CTC This study
h4T0803ind-0680 Helper probe for T0803ind ATT CCA CCA CTA CAC CGG This study
Caldi-0678 Most Caldilinea species TTC CAC CAC TAC ACC GGG 30 This study
Comp1-Caldi-0678 Competitor probe 1 TTT CAC CAC TAC ACC GGG This study
Comp2-Caldi-0678 Competitor probe 2 TTC CAC CGC TAC ACC GGG This study
Formamide concentration in hybridization buffer (v/v).
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fluorescent signals from the gene probes applied. The
quantification of probe-defined populations by FISH was
carried out according to Morgan-Sagastume et al. (2008a).
The SD for each probe is between 15% and 20% (data not
shown).
Microautoradiography
The microautoradiography procedure was conducted as
described in several previous publications (Lee et al., 1999;
Kragelund et al., 2005). Tracers applied were either 3H-
labelled or 14C-labelled, and a selection of short-chain fatty
acids (formate, acetate, butyrate, pyruvate, propionate, and
oleic acid), sugars (glucose, mannose, galactose, and N-
acetylglucosamine), amino acids (leucine, glycine) and
thymidine, ethanol, and bicarbonbate were examined. Di-
luted activated sludge (1 g SS L1) was added to glass serum
vials and mixed with tracers (10mCi) and with unlabelled
organic substrates to a final concentration of 2 or 1 mM
(oleic acid 0.5 mM). The vials were closed with air-tight
rubber stoppers. The use of potential e-acceptors other than
oxygen (nitrate 1 mM or nitrite 0.5 mM) was tested with
organic substrates selected based on uptake under aerobic
conditions. Moreover, a preincubation step was included for
all anoxic experiments for 2 h with an unlabelled organic
substrate before the labelled substrate was added. This was
done so that only bacteria with the ability to take up large
amounts of substrate under defined conditions (for growth
or storage) would be microautoradiography positive (An-
dreasen & Nielsen, 2000). Pasteurized samples were used as a
test for chemography. When the labelled substrates were
added, a 3-h incubation period was used in all experiments.
After incubation, the sludge was prepared and processed as
described by Lee et al. (1999). Exposure time was between 4
and 6 days. All substrates were taken up by some floc-
forming bacteria serving as positive controls for all incuba-
tions. Details on radiochemicals can be found elsewhere
(Kragelund et al., 2005). Light microscopy was used to
determine the silver grain formation from the microautor-
adiography procedure, and epifluorescence microscopy was
used for detecting the FISH probe signal.
Intra- and extracellular staining and procedures
Storage capabilities
Samples containing type 0803 were stained for the ability
to accumulate intracellular polyphosphate [(Neisser stain
Fig. 1. Phylogenetic tree of filamentous type 0803 and their closest relatives, based on comparative analysis of 16S rRNA gene sequences. Sequences
retrieved in this study are marked in bold. Brackets indicate probe coverage. Only sequences of good quality and a length of 4 1200 bp were included.
The type strain of Rubrobacter radiotolerans was chosen as an outgroup. The consensus tree was determined by maximum likelihood analysis. The scale
bar represents 0.1 estimated changes per nucleotide.
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(Eikelboom & van Buijsen, 1983)] and polyhydroxyalkano-
ates by Nile Blue stain (Ostle & Holt, 1982). Both stains were
combined with FISH and conducted according to the
description by Nielsen et al. (2010a, b).
Exoenzyme detection [enzyme-labelled
fluorescence (ELF)-FISH and BODIPY]
Activated sludge containing a high abundance of type 0803
(Hadsten and Voldum) was investigated for exoenzyme
activity using two different experimental approaches: ELF
(Van Ommen Kloecke & Geesey, 1999) and BODIPY (Xia
et al., 2007, 2008). Six ELF substrates were tested (chitinase,
phosphatase, b-galactosidase, b-glucuronidase, lipase, and
esterase (ELF-97s, Molecular Probes, Eugene, OR); for
protease activity, BODIPY-labelled casein was used (En-
zCheks, Molecular Probes) and for amylase activity, BOD-
IPY-labelled starch (EnzCheks, Molecular Probes). A
detailed protocol containing information combining the
exoenzyme approaches with FISH can be found in Nielsen
et al. (2010b).
Surface properties
The surface properties of type 0803 were examined using
microsphere adhesion to cells. In brief, a 0.002% solution of
0.02 mm hydrophobic microspheres (sulfate modified, Mo-
lecular Probes) was sonicated before use and mixed with
10 mL activated sludge and 100 mL dH2O. The adhesion of
microspheres to hydrophobic surfaces was examined by
microscopy and the identity was confirmed by FISH after
relocalization (Nielsen et al., 2010b).
Results
Description of type 0803
Eikelboom type 0803 filaments are characterized by short
(o 50mm) straight filaments with a diameter between 0.8
and 1.1mm, which are often attached to inorganic particles
and can occur in rosettes; see Fig. 2a and b. They usually
stain Gram negative, but occasionally Gram variable and
they are Neisser negative (Eikelboom, 1975, 2000; Jenkins
et al., 2004). Interestingly, different behavior in Neisser
staining was observed. In most cases, the filament stained
negative, but occasionally, the filament appeared with Neis-
ser-positive granules (see Fig. 2c). No accumulation of
polyhydroxyalkanoates could be observed for type 0803 in
situ, either in activated sludge or in foam.
Phylogenetic tree and gene probe design
Both municipal and industrial samples containing morpho-
type 0803 were used for sequence analyses. Six full-length
sequences were obtained after micromanipulation of
pooled samples, and their affiliation is depicted in the
phylogenetic tree in Fig. 1, including the closest relatives
and known isolates affiliated within Chloroflexi. All se-
quences were located within the genus Caldilinea in the
class Caldilineae. Clones denoted CFX153, 157, 164, and 166
all clustered together and originated from two pooled
samples from a municipal and a pulp and paper WWTP.
CFX81 and 87 originated from a pooled sample containing
sludge from five different industries and were closely
affiliated.
For the 0803 clade, two probes were designed, and FISH
images are depicted in Fig. 2d–f. Probe S--T0803-0654-a-
A-18, hereafter named T0803-0654, targeted the Eikelboom
type 0803 dominant in the municipal Hadsten WWTP,
where it also caused foaming on the process tank. RDP BLAST
search revealed an additional nine sequences with a perfect
probe target site originating from activated sludge and the
intestines of an earthworm, and some are depicted in the
phylogenetic tree in Fig. 1. An additional 30 partial se-
quences of different origins (e.g. soil, marine sponges, and
activated sludge) also matched the T0803-0654 perfectly.
The probe had 2 mismatches (MM) with the type strain of
C. aerophila and the other pure cultures used for optimiza-
tion, S. thermophilus and H. auratiacus, had 4 and 6 MM,
respectively.
The other probe S--T0803ind-0642, generated from
industrial sequences, targeted four CFX clones sequences
(153, 157, 164, and 166) obtained in this study. RDP BLASTS
showed one partial sequence with a perfect match originat-
ing from sludge and 3 MM to the pure culture C. aerophila.
The other pure cultures S. thermophilus and H. auratiacus
had 4 and 6 MM, respectively. The probe targeted filamen-
tous Chloroflexi present in the pulp and paper sample, but
no signal could be detected in the municipal sample. Four
helper probes were designed adjacent to the probe target to
enhance probe-binding site accessibility following the re-
commendations of Fuchs et al. (2000), and an increase in the
fluorescent signal was observed (data not shown). The probe
targeted mainly filaments in industrial samples and hardly
any in the municipal plants; thus, no qFISH data are
included.
A probe was designed to target the majority of the
sequences within the genus Caldilinea, and FISH images
can be seen in Fig. 2g and h. Previously, a subdivision probe
for Anaerolinea was designed [CFX784 (Bjornsson et al.,
2002)], but this probe does not target the class Caldilinea
(previously located within the class Anaerolinea) or many
members of Anaerolinea. Probe S-G-Caldi-0678-a-A-18,
hereafter denoted Caldi-0678, targeted approximately 325
sequences (length 4 1200 bp and good quality) and 86% of
these affiliated within the phylum of Chloroflexi. The
remaining target sequences were found within the unclassi-
fied bacteria (37) Firmicutes (five) and Actinobacteria (two).
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Approximately 9% of sequences within the phylum of
Chloroflexi were hit and predominantly members of the
genus Caldilinea (approximately 76%). However, the probe
target site was found in some of the other classes (e.g.
Dehalococcoidetes) within this phylum, but no higher than
5% of the published sequences. The probe matched C.
aerophila perfectly, 2 MM for S. thermophilus, and 1 MM
for H. auratiacus. To enhance specificity, two competitor
probes were designed and should be applied together with
the Caldi-678 probe.
For the detection of municipal type 0803, it is recom-
mended to apply T0803-0654, and for the industrial type
0803 to use probe T0803ind-0642. For targeting most
sequences within the Caldilinea genus, Caldi-0678 and
competitor probes should be applied. All probes were
optimized at 30% formamide concentration and never
targeted any microcoloni-forming bacteria or single cells.
Abundance of type 0803 and other probe-
defined Chloroflexi species
The abundance and distribution of different Chloroflexi
populations were investigated in seven Danish full-scale
municipal WWTPs sampled in 2008–2009 (Fig. 3). The
community structure of Chloroflexi is depicted as average
values for all seven plants, as the entire phylum, the three
probe-defined species, and the remaining unknown frac-
tion. Chloroflexi constituted a large fraction of the total
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Fig. 2. (a, b) Phase contrast of typical type 0803. (c) Neisser staining of type 0803. (d, e) Typical type 0803 detected with probe T0803-654 (red) and
EUBMIX (green). (f) Industrial type 0803 detected with probe T0803ind-642 (red) and EUBMIX (green). (g, h) Caldilinea genus probe detected with Caldi-
678 (red) and EUBMIX (green). (i) Structural impact of Chloroflexi (CFXMIX) on sludge flocs (red) and EUBMIX (green). Bars indicate 10 mm.
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bacterial biovolume: 12.6% on average (range 5.6–22.4%).
Among the probe-defined species, type 0803 was present in
2.6% on average (range 0.5–6.3%), type 0092 was more
abundant with a range of 2–8% and averages of 3.6% in
2008 and 6.0% in 2009, while type 1851 was hardly present
(average 0.5%). The fraction of Caldilinea was on average
the same as type 0803, namely, 2.8%. The unknown fraction
of filamentous Chloroflexi was relatively high in most cases,
around 30%, ranging from 0% to 87%. Many of these
unknown species had heavy growth of epiphytic bacteria.
Seasonal variations in abundance were observed within
the entire Chloroflexi population in all plants, showing the
lowest abundance during spring and summer. The fraction
of unknown Chloroflexi did not vary; hence, increased
population sizes of type 0092 and, to a lesser extent, type
0803, were found during winter.
To investigate whether this trend was common for all
plants, all data were examined in detail in each plant. In
some plants, consistently almost all Chloroflexi could be
identified by species-specific probes, and in others only
approximately 50%. Figure 3 show two such examples:
Hjørring WWTP, where most of the Chloroflexi carried
epiphytic growth and could not be identified beyond
phylum level, and Aalborg West WWTP, with nearly all
Chloroflexi identified as types 0803 and 0092.
Many Chloroflexi filaments do not hybridize with EUBMIX
probes, as also observed in this study (data not shown). A
BLAST search on EUBMIX probes showed that only approxi-
mately 50% of the known Chloroflexi sequences are targeted
by these probes. Type 0803 sequences obtained in this study
all had the target site, but for type 0092, several mismatches
were detected.
The impact of Chloroflexi filaments on sludge floc struc-
ture seems to be species dependent. Some probe-
defined species appear as backbones in the sludge flocs
and can constitute a network to which single cells
and microcolonies can adhere; see Fig. 2i. The morphotypes
for which species-specific FISH probes exist (type 0803,
0092, and 1851) are all located at the edge of the sludge flocs
and in the bulk liquid. Type 0803 and 0092 can, on
becoming numerous during winter, ‘open’ the sludge flocs
at the edges and thereby worsen the settling properties.
However, a number of morphotypes present in activated
sludge, for example type 0041-like filaments with and with-
out epiphytic bacteria, can be observed, but not identified
beyond the phylum level using existing Chloroflexi probes.
Some of these have a severe impact on the settling proper-
ties, for example type 0041-like filaments, and others
are mainly located inside the sludge flocs, entangled in
a network.
Fig. 3. The abundance of all known filamentous Chloroflexi species (type 0092, 0803, and 1851) out of total Chloroflexi shown as percentage. The
biovolume was determined by qFISH as average in seven large Danish WWTPs, in Aalborg West and in Hjørring treatment plant. Probes applied for
phylum detection (CFXMIX), for type 0803 (T0803-0654), for type 0092 (CLX1971CLX223), and for type 1851 (Chl1851). The unknown Chloroflexi
fraction is the total Chloroflexi population minus the probe-defined populations listed above.
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Ecophysiology
A comprehensive ecophysiological characterization of probe-
defined type 0803 (probe T0803-0654) originating from
Hadsten and Voldum municipal activated sludge was per-
formed. Type 0803 filaments were able to consume glucose,
and a small uptake of N-acetylglucosamine was observed, but
they did not consume acetate or any of the other substrates
tested. Interestingly, type 0803 also took up glucose with and
without external added e-acceptors (nitrate or nitrite) under
anoxic conditions. However, slightly less was taken up with
nitrite as an e-acceptor and without an external e-acceptor
under anoxic conditions. Uptake of N-acetylglucosamine only
occurred in the presence of oxygen.
A high level of exoenzymes was expressed on the surface
of type 0803 filaments in both activated sludge and foam.
Most filaments showed esterase and glucuronidase activities
(between 70% and 90%), whereas approximately 30% of the
filaments showed lipase, chitinase, and phosphatase activity.
Amylase and protease activities were also examined, and for
most filaments, only protease activity was detected.
The surface properties of type 0803 were always charac-
terized as hydrophobic, as many hydrophobic microspheres
attached to their surfaces, compared with other surfaces in
the samples. No difference was found in the surface proper-
ties of filaments present in activated sludge and foam.
Discussion
Identification of one of the few remaining, so far unidenti-
fied, but frequently occurring Eikelboom types in activated
sludge, type 0803, showed that it is affiliated to the genus
Caldilinea within Chloroflexi and not to the Betaproteobac-
teria, as was stated previously (Bradford et al., 1996).
However, it is quite possible that the morphotype is not
linked to a specific phylotype in the way that other morpho-
types such as Haliscomenobacter hydrossis and Streptococcus
are. Type 0803 are usually located mainly at the surface of
sludge flocs, where they can be observed attaching to sand
grains (Eikelboom, 2000; Jenkins et al., 2004), which was
also observed in many, but not all, samples. Interestingly,
Neisser-positive granules were occasionally observed in
type 0803 and in cases without attachment to sand grains,
they could be misidentified as Microthrix parvicella if
the identification was based solely on morphology. No
polyhydroxyalkanoate storage product could be detected in
probe-defined type 0803.
Type 0803 and genus Caldilinea (and class Caldilinea) are
represented by many sequences in different activated sludge
clone libraries (Hugenholtz et al., 1998; Sekiguchi et al.,
1999, 2003; Bjornsson et al., 2002), but no specific FISH
probes have been available; thus, the design of the new FISH
probes allows in situ detection of type 0803 and other
Caldilinea members in municipal and industrial WWTPs.
The qFISH survey showed that the abundance of the
Chloroflexi phylum in activated sludge constituted around
12% of the entire microbial population, and only as
filamentous bacteria. This is in the same range as previous
studies using phylum probes in municipal WWTPs [1–25%
(Beer et al., 2006), 8% (Kong et al., 2007) and between 20%
and 30% (Morgan-Sagastume et al., 2008a)]. Interestingly,
they were present in significant amounts in all seven plants
investigated during the 2 years, demonstrating that they
form an important part of the microbial communities in
these plants. Type 0803 was observed in all municipal
WWTPs investigated and consisted of 2–5% of the biomass,
in some cases causing bulking and foaming (not in the
plants included in the survey, but in the plants used for
ecophysiology studies). Type 0092 was also frequently
encountered, but did not cause bulking or foaming, even
though they were present in high abundance (between 2%
and 8%). Especially in warmer climates they are held
responsible for bulking incidents (Speirs et al., 2009; Wan-
ner et al., 2010). Type 0092 and 0803 always co-occurred,
and both contributed to the overall filament index and were
partly responsible for an open floc structure, resulting in
impaired settling properties. Some temporal variation was
observed for type 0092 and, to a lesser extent, type 0803,
with a higher abundance during winter. The Caldilinea
probe targeted a population similar in size to type 0803,
but in a few plants, they constituted a much larger fraction
(up to 30% of the entire phylum, data not shown). Type
1851 was identified in all plants, but in very low amounts. In
one highly loaded industrial plant (slaughter house waste,
results not shown), type 1851 constituted a higher fraction
(approximately 3%). This suggests that type 1851 is more
likely to occur in industrial WWTPs, as also observed in
other studies (Kohno et al., 2002; Kragelund et al., 2007),
rather than EBPR plants treating municipal wastewater.
Interestingly, four of the treatment plants always had
primarily unknown Chloroflexi species present, and the
others had co-occurring populations of types 0803 and
0092. The reason for this discrepancy is not known, but
may be related to the wastewater composition. Neither the
identity nor the function of these unidentified species is
currently known, but several morphotypes have been recog-
nized, for example type 0041/0675 and filaments without
epiphytic growth; hence, more research is needed to identify
and clarify their role in the activated sludge ecosystem.
The lack of the EUBMIX signal observed here has been
reported in several other studies (Bjornsson et al., 2002;
Kragelund et al., 2007; Morgan-Sagastume et al., 2008a;
Speirs et al., 2009). Around 50% of all Chloroflexi sequences
deposited in Genbank lack the EUBMIX target site, which is
of importance for quantifying bacteria in activated sludge
systems. If quantification is based on qFISH, where certain
probe-defined populations are related to EUBMIX, the
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presence of a large fraction of Chloroflexi can underestimate
the total number of bacteria as determined by EUBMIX. The
fraction of bacteria targeted by EUBMIX of all bacteria
stained by the DNA stain 40-6-diamidino-2-phenylindole
was approximately 80% and comparable to the values
obtained in other studies (Morgan-Sagastume et al., 2008a)
To elucidate the ecological niche of type 0803 based on its
ecophysiology, several single-cell methods were applied. The
combination of exoenzyme activities and substrate uptake
under defined conditions suggested a specialization on
mono- and polysaccharides. Activity under e-acceptor con-
ditions other than oxygen was observed [even under anoxic
conditions with and without added e-acceptors (nitrite)],
and this is generally not observed for filamentous bacteria
present in activated sludge and has only been reported for
M. parvicella (Nielsen et al., 2009). The overall findings in
this study are supported by data from previous publications,
showing that Chloroflexi as a group appear to be involved in
the degradation of complex compounds such as polysac-
charides (extracellular structures rich in polysaccharides and
N-acetylglucosamine) and proteins (protein hydrolysate,
amino acid mixture, surface-associated protease activity
(Kindaichi et al., 2004; Okabe et al., 2005; Kragelund et al.,
2007; Miura et al., 2007; Xia et al., 2007; Miura & Okabe,
2008; Yamada & Sekiguchi, 2009; Yoon et al., 2010).
Several attempts to characterize the ecophysiology of type
0092 were made in this study; however, they were not
successful. There are several reasons for this: difficulties in
finding suitable sludge samples containing many type 0092
outside the flocs and continuous precipitations of the type
0092-specific probes in the microautoradiography-FISH
investigation. Therefore, no extrapolation could be made
with respect to substrate range and e-acceptor conditions.
Morphotype 0803 was termed ‘all zone’ growers together
with M. parvicella and type 0092, based on their occurrence
in nutrient removal plants (Wanner & Grau, 1989). This
division was defined by the ability to use aerobic and
anaerobic respiration and to use storage materials as energy.
This is largely confirmed by this study, at least the ability to
use substrates under e-acceptor conditions other than oxy-
gen. This is also the case for M. parvicella (Hesselsoe et al.,
2005), but no ecophysiological data have been obtained by
probe-defined type 0092. No storage products were detected
in type 0092 (Speirs et al., 2009), and in type 0803, only
polyphosphate granules were occasionally observed.
Chloroflexi play an important structural role in sludge floc
formation and can also cause serious settling or foaming
problems. However, they do not always contribute to a high
level of filament index or destroy settling properties. Some
species are primarily located inside the sludge flocs, whereas
others (e.g. type 0041 and 1851) are most often present in
the bulk liquid. In some cases, Chloroflexi filaments can
constitute a network to which single cells and microcolonies
can adhere and support strong sludge flocs. However, with
the large fraction of unknown Chloroflexi, it is currently not
known which species promote extensive networks and
which are primarily responsible for a more open floc
structure and bulking in municipal plants (apart from types
0803 and 0092). Therefore, more FISH probes are needed to
better resolve the identity, function, and importance of
undescribed Chloroflexi in activated sludge treatment plants.
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Bulking and foaming are two frequently occurring operational problems in activated sludge
wastewater treatment plants, and these problems are mainly associated with excessive
growth of filamentous bacteria. In this study, a comprehensive investigation of the identity
and population dynamics of filamentous bacteria in 28 Danish municipal treatment plants
with nutrient removal has been carried out over three years. Fluorescence in situ hybrid-
ization was applied to quantify more than twenty probe-defined populations of filamen-
tous bacteria that in total constituted a large fraction of the entire microbial community, on
average 24%. Despite the majority being present within the flocs, they occasionally caused
settling problems in most of the plants. A low diversity of probe-defined filamentous
bacteria was found in the plants with Microthrix and various species belonging to phylum
Chloroflexi (e.g., type 0803 and type 0092) as the most abundant. Few other filamentous
probe-defined species were found revealing a large similarity between the filamentous
populations in the plants investigated. The composition of filamentous populations was
stable in each plant with only minor changes in relative abundances observed during the
three-year study period. The relative composition of the different species was unique to
each plant giving a characteristic “fingerprint”. Comprehensive statistical analyses of the
presence and abundance of the filamentous organisms did not reveal many correlations
with a particular plant design or process parameter.
ª 2012 Elsevier Ltd. All rights reserved.1. Introduction Seviour and Nielsen, 2010), which is mainly associated withActivated sludge wastewater treatment plants (WWTPs) are
biologically engineered systems in which nutrients and other
compounds are removed by microorganisms. One of the
frequently occurring operational problems in WWTPs is
bulking and foaming (Eikelboom, 2000; Jenkins et al., 2004;fax: þ45 9814 1808.
lsen).
arek, A.T., et al., Popula
Water Research (2012),
ier Ltd. All rights reservedfilamentous bacteria. The role of the filamentous bacteria in
the main transformation processes in the treatment plants is
poorly understood but their physical role in floc formation,
settling and foaming is well documented (Kragelund et al.,
2007a, 2011; Miura et al., 2007). Their excessive abundance
can be very problematic for plant operation and there is notion dynamics of filamentous bacteria in Danish wastewater
doi:10.1016/j.watres.2012.04.009
.
wat e r r e s e a r c h x x x ( 2 0 1 2 ) 1e1 52universal strategy to limit/prevent the problematic behavior
of these filamentous organisms (Eikelboom, 2000; Jenkins
et al., 2004; Kragelund et al., 2010).
More than 30 different filamentous morphotypes of
bacteria have been described in WWTP treating primarily
domestic wastewater (Eikelboom, 2000) and even more in
industrial plants (Elkelboom and Geurkink, 2002; Kragelund
et al., 2006, 2007a, 2007b; van der Waarde et al., 2002). Recent
studies using molecular methods such as fluorescence in situ
hybridization (FISH) have revealed that it is difficult and often
unreliable to identify the filamentous bacteria by morphology
and chemical staining alone, so applying FISH or other
molecular techniques is strongly recommended. FISH probes
are now available for the most common filamentous bacteria
encountered in domestic wastewater treatment (Kragelund
et al., 2009).
Many surveys of filamentous bacteria have been conducted
in different types of treatment plants in order to understand
more about their abundance and factors determining their
presence, such as wastewater composition and treatment
plant design and operation (Kampfer, 1997; Madoni et al.,
2000; van der Waarde et al., 2002). Specific groups of fila-
mentous organisms have been defined based on their
preferred operational conditions and control measures
proposed for some of them (Eikelboom, 2000; Jenkins et al.,
2004; Wanner and Grau, 1989; Wanner, 1994). However,
a major obstacle is that the filament identification has not
includedmolecular tools, so the reliability of the data basis for
these conclusions is questionable.
An improved understanding of the function of the fila-
mentous bacteria in activated sludge communities is the key
to prevent excessive outgrowth of specific species, e.g. by
manipulating with the operation of the plant or adding
specific control chemicals. Some of the microorganisms have
been isolated and studied in pure culture, but since it is very
difficult to extrapolate such data to full-scale conditions, most
knowledge about many of these problem-causing filamentous
bacteria have been obtained by ecophysiological studies
under in situ conditions on probe-defined populations (e.g.,
Carr et al., 2006; Eales et al., 2005, 2006; Kragelund et al., 2005,
2006, 2007a, 2007b). For most of the filamentous bacteria we
know largely what substrates they consume, under which
electron acceptor conditions they proliferate, exoenzyme
activity and several other aspects of their ecophysiology.
Based on these detailed investigations, the filamentous
bacteria can be divided into two groups, one predominant in
industrial WWTPs and one in municipal WWTPs (Nielsen
et al., 2009a). Furthermore, a conceptual model for Danish
WWTPs carrying out enhanced biological phosphorus
removal (EBPR) has been developed based on extensive
microbial community analyses of 25 treatment plants for 4
years. The study revealed that a number of filamentous
species were abundant in all of the full-scale EBPR plants
(Nielsen et al., 2010, 2011). These were ‘Candidatus Microthrix
parvicella’ (hereafter called Microthrix), different types
belonging to phylum Chloroflexi, Haliscomenobacter hydrossis
belonging to Bacteroidetes, Curvibacter belonging to the Beta-
proteobacteria, some filaments belonging to phylum TM7 and
a few others. Their function is now better resolved and seems
for all primarily to be related to hydrolysis of macromoleculesPlease cite this article in press as: Mielczarek, A.T., et al., Popula
treatment plants with nutrient removal, Water Research (2012),and removal of organic matter. This suggests that the type of
organic matter in the influent wastewater may be an impor-
tant factor determining the filamentous populations and this
has been demonstrated for Microthrix (Nielsen et al., 2010).
For the past five years we have investigated the microbial
population dynamics in over 30 full-scale WWTPs with
nutrient removal in Denmark and we present here data from
this investigation (primarily from the period 2009e2011) that
are related to the filamentous organisms. The aim was to 1)
identify and quantify the dominant filamentous bacteria in
nutrient removal plants by molecular methods, 2) describe
their population dynamics, e.g. temporal variations, and 3)
investigate correlations between the presence of specific fila-
mentous bacteria and treatment plant design, process
parameters, and wastewater composition.2. Material and methods
2.1. Sampling and plant data
Data from 28 full-scale biological nutrient removal plants
has been gathered in the period 2008 to 2011 (see list of
plants in Table S1AþB) and included in the ‘Microbial
Database for Danish wastewater treatment plants’ (www.
microbialdatabase.dk). Extensive information has been
collected on process design, operation, in and outlet concen-
trations on specific nutrients, industrial load, suspended solid
concentration, diluted sludge volume index (Eaton et al., 2005),
and information on major problems operators have encoun-
tered such as bulking, foaming etc. All plants experienced only
minor operational problems in the period and they consis-
tently complied to the effluent limits of 8 mg/L total N, 0.5 or
1 mg/L total P and 70 mg/L total COD. Seven plants were
sampled 4 times a year (here called “the seven plants”) and the
remaining 21 plants, 2 times a year. In addition, Aalborg East
WWTP was sampled twice a week from November 2008 to
January 2009 in order to monitor short-term changes in the
filamentous bacterial community. Activated sludge samples
were taken from the aerobic process tank and kept below 4 C
anda fractionwasfixed for FISHanalysis (Nielsen et al., 2009b).
2.2. Morphological identification and sludge
characterization
Visual characterization of unfixed samples was carried out
using light microscopy according to the protocols by
Eikelboom (2000) within 24 h of sampling. General sludge
properties such as sludge floc size (small, medium and large),
floc structure (open structure, bridging between flocs by fila-
ments, no filament impact), floc properties (strength, form
and shape), filament index (FI) (range from 0 to 5, no filaments
- very many filaments) were recorded. The identity of the
dominating or the two co-dominating filaments based on
conventional microscopy was noted.
2.3. FISH identification
FISH analysis was used to identity filamentous organisms
present in all samples. A range of oligonucleotide probestion dynamics of filamentous bacteria in Danish wastewater
doi:10.1016/j.watres.2012.04.009
wat e r r e s e a r c h x x x ( 2 0 1 2 ) 1e1 5 3targeting different filamentous species was applied (Table 1).
Detailed information about most of these probes is given in
probeBase (Loy et al., 2007). The selection of probes was based
on the recently evaluated probes for filamentous bacteria
detected in activated sludge plants (Kragelund et al., 2009).
When possible, a hierarchical approach was used e.g. first the
more general probe was applied, e.g. CFXMIX followed by
species-specific probes, to distinguish between species in
phylum Chloroflexi (i.e. type 0092). The oligonucleotide probesTable 1 e Overview of the specificity of oligonucleotide probes
Affiliation Probe name Coverage
Phylum EUB338 Most
Bacteria
EUB338 Most Bacteria
EUB338-II Planctomycetales
EUB338-III Verrucomicrobiales
Proteobacteria ALF968 Alphaproteobacteria
except Rickettsiales
(only filamentous)
DF198 Defluviicoccus spp.
DEF988 Defluviicoccus spp.
DEF1020 Defluviicoccus spp.
DF 618 Defluviicoccus spp.
DF218 Defluviicoccus spp.
BET42a Betaproteobacteria
Curvi997 Curvibacter spp.
GAM42a Gammaproteobacteria
G123 T Thiothrix eikelboomii,
T. nivea, T. unzii,
T. fructosivorans,
T. defluvii, Eikelboom
type 021N group I, II, III
Actinobacteria HGC69A (HGC) Actinobacteria (high
G þ C Gram-positive bacte
MPAMIX
(mixture of
MPA60 þ MPA223
þ MPA645)
Candidatus Microthrix
parvicella, Candidatus M. ca
Myc657 Mycobacterium
subdivision mycolata
Spin1449 Skermania piniformis
Gor0596 Gordonia family
G.am205 Gordonia amarae
Chloroflexi CFXMIX (GNSB941,
CFX1223)
Phylum Chloroflexi
Chl1851 Eikelboom type 1851
(class Chloroflexi)
CLX197 Eikelboom type 0092
(class Anaerolinea)
CLX221 Eikelboom type 0092
(class Anaerolinea)
T0803-0654 Eikelboom type 0803
(class Caldilineae)
Candidate
division TM7
TM7905 Candidate division TM7
Bacteroidetes HHY-654 Several Haliscomenobacter
species.
Firmicutes LGCa-c Firmicutes
Str Streptococcus spp.
a GALO: Gordona amarae-like organisms.
b PTLO: Pine Tree like organism.
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nimide ester (FLUOS) or with the sulfoindocyanine dyes (Cy3
and Cy5) (Biomers, Ulm/Donau, Germany). Two probes (G123T
and HHY-654) were double labeled according to Stoecker et al.
(2010) in order to strengthen the fluorescent signal.
The procedure was performed according to the guidelines
by Nielsen et al. (2009b), and visualized with an Axioskop
epifluorescence microscope (Carl Zeiss). Quantification of
probe-defined populations was carried out according toapplied for quantitative FISH analyses.
Morphotypes Reference
Amann et al. (1990)
Daims et al. (1999)
Daims et al. (1999)
N. limicola II and others Neef (1997)
N. limicola II Nittami et al. (2009)
N. limicola II Meyer et al. (2006)
N. limicola II Meyer et al. (2006)
N. limicola II Meyer et al. (2006)
N. limicola II Meyer et al. (2006)
S. natans and Leucothrix Manz et al. (1992)
Type 1701, Type 0041/0675 Thomsen et al. (2004)
Thiothrix and
Type 021N, Type 1863
Manz et al. (1992)
Wagner et al., 1994
Thiothrix and Type 021N Kanagawa et al. (2000)
ria)
Roller et al. (1995)
lida
Microthrix Erhart et al. (1997)
GALOa/PTLOb Davenport et al. (2000)
PTLOb Eales et al. (2006)
GALOa de los Reyes et al. (1997)
GALOa de los Reyes et al. (1998)
Some Type 1851
and Type 0041/0675,
H. hydrossis-like
Gich et al. (2001);
Bjornsson et al. (2002)
Type 1851 Beer et al. (2002)
Type 0092 Speirs et al. (2009)
Type 0092 Speirs et al. (2009)
Type 0803 Kragelund et al. (2011)
Type 0041/0675 Hugenholtz et al. (2001)
H. hydrossis Kragelund et al. (2008)
Streptococcus, N. limicola I Meier et al. (1999)
Streptococcus Trebesius et al. (2000)
tion dynamics of filamentous bacteria in Danish wastewater
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wat e r r e s e a r c h x x x ( 2 0 1 2 ) 1e1 54Morgan-Sagastume et al. (2008). Briefly, each sample was
diluted and homogenized before applying a very thin layer on
slides. After FISH, twenty random fields were chosen and
images acquired with a specific probe-defined population
(Cy3) and the general EUBMIX (FLUOS). The biovolume of
probe-defined populations was determined by image analysis
software (ImageJ, http://rsbweb.nih.gov/ij/) and custom-made
macros were used for post-processing and data acquisition of
all images. When group-specific probes were applied which
covered both filamentous and non-filamentous bacteria, i.e.
ALF968 for Alphaproteobacteria, a modified procedure (and
macro) was applied to omit non-filamentous bacteria from the
images prior to quantification. The total number of bacteria in
all plants was determined by the EUBMIX and by DNA staining
with 406-diamidino-2-phenylindole, DAPI (Kapuscinski, 1995).
Standard deviation is for all values and probes 16e20% of the
average value indicated. Only averages are shown in the
figures.
2.4. Statistical measures and methods
Standard statistical comparisons and graphing where per-
formed in Microsoft Excel and Prism. Correlation and cluster
analyses was performed in SPSS 19 package and Excel-
XLSTAT including: multivariate analysis of variance (MAN-
OVA) (Foster et al., 2005) with significance level alpha ¼ 0.05,
Wilks’ lambda and ManneWhitney U test. Unscrambler 11.01
and Excel-XLSTAT were used for principal component anal-
ysis (PCA).Fig. 1 e Overview of setting properties and abundance of
filaments in twenty eight WWTPs as determined by
diluted sludge volume index values and the filament
index. Average and range over four years (2008e2011) is
shown.3. Results
3.1. Treatment plants
The 28 full-scale WWTPs included in the survey had all bio-
logical N-removal (nitrification and denitrification) and 21 had
also the EBPR process (Table S1AþB). The plants ranged in size
between 14,000 and 420,000 population equivalents (PE), and
their process configurations were either alternating or recir-
culation (Henze et al., 2008). The fraction of industrial
contribution to the organic matter in the influent was 0e70%,
thus representing a very broad range of nutrient removal
plant types and operations. The yearly temperature rangewas
7e20 C. In the plants with EBPR, 14 plants had normal
anaerobic tanks on the main stream for mixing return sludge
and incoming wastewater, whereas 9 plants had sidestream
hydrolysis (SSH) instead (Vollertsen et al., 2006). Typically, the
residence time in these anaerobic tanks was 20e30 h and
20e40% of the return activated sludge entered the SSH tank,
whereas the other part was returned to the DN tank along
with the incoming wastewater. Sludge age was in most plants
20e25 days during summer and 25e30 days during winter.
Twelve out of 28 plants occasionally dosed polyaluminium
chloride compounds (often PAX15) mostly during autumn or
winter to improve the settling properties and control exces-
sive growth ofMicrothrix (Nielsen et al., 2005; Roels et al., 2002).
All plants dosed small amounts of iron compounds (iron
chloride or iron sulfate) for improving precipitation of phos-
phorus and to enhance flocculation.Please cite this article in press as: Mielczarek, A.T., et al., Popula
treatment plants with nutrient removal, Water Research (2012),3.2. General characterization of activated sludge
properties
Operational problems related to settling of the activated
sludge and foaming on the process tanks were reported. In
order to characterize these problems, conventional light
microscopy of all samples were carried out in 2008e2011 to
determine filament abundance and floc structure.
3.2.1. Filament index and diluted sludge volume index
Only few plants had a low abundance of filamentous bacteria
(filament index, FI< 1.5, Table S1B). Themajority of the plants
had an abundance of filaments that potentially could influ-
ence or impair the settling properties (FI 2e3). Only 14% of the
plants examined had a high FI > 3 and just one single plant
had on one occasion an FI of >4.
The DSVI is a measurement of activated sludge settling
properties where values above 120 mg/l indicate poorly
settling sludge (Eikelboom, 2000; Jenkins et al., 2004; van der
Waarde et al., 2002). The distribution of DSVI for all plants
was 62 ml/ge192 ml/g, with an average of 107 ml/g (range
39e269 ml/g; n ¼ 201). Twenty-five percent of the plants had
DSVI values greater than 120ml/g indicating potential settling
problems. The seven plants for which there were sampled 4
times a year, showed in general higher DSVI values in the
winter and spring season compared to summer and autumn.
In all years examined (2008e2011), the same 3 plants (Aalborg
West, Egå and EjbyMølle) always had high DSVI values (nearly
always greater than 120 ml/g) indicating potential settling
problems. In one plant (Ejby Mølle) very high values were
observed in all sampling periods (average 151 ml/g; range
115e200 ml/g; n ¼ 5).
Higher FI tended to correspond to a higher DSVI (Fig. 1).
Only 4% of the plants had a low FI (<1.5) and also low DSVIs
(<100 ml/g). Most plants (more than 80%) had a medium FI
range (FI ¼ 2e3) and DSVI values around 105 ml/g without
a strong effect on settling properties. High FI (3.5e5) and DVSI
values (>126 ml/g) were observed in 15% of the plants. No
statistical differences in FI values were observed in WWTPstion dynamics of filamentous bacteria in Danish wastewater
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tical differences were, however, observed in DSVI (T-test;
t(199) ¼ 2.5; p ¼ 0.01) with the highest level in plants without
EBPR. The highest DSVI levels were measured in plants
without EBPR even though FI and filamentous bacteria
composition were similar in plants with or without EBPR. We
have no explanation for this discrepancy.
3.2.2. Activated sludge floc characteristics
The activated sludge flocs present in the WWTPs were strong
(99%) according to the Eikelboom (2000) characterization.
Irregular (79%) and diffuse sludge flocs (59%) were observed
slightly more often than compact and rounded sludge flocs
(41% and 21%, respectively), see Table 2. The size of the
majority of sludge flocs was determined as large >0.25 mm
although a few plants had sludge flocs in the medium size
range (25e250 mm). The impact of filamentous bacteria on floc
structurewas determined and almost all flocswere influenced
by the presence of filamentous bacteria, and only 8% of the
samples were not. Most flocs had an open structure and 38%
revealed bridging between flocs due to filamentous bacteria.
For the 7 plants studied in greater details, no changes in
sludge floc shape could be observed during the 4 years; the
sludge flocs were characterized as irregular, and diffuse in
winter period (January) and more compact during the
remaining sampling periods.
3.2.3. Morphological identification of filamentous bacteria
The identification of the dominating or the two co-dominant
filamentous species was done based on their morphological
characteristics and staining properties. In almost all plants,
Microthrix and type 0041/0675 were either dominating (50%
and 20% of plants, respectively) or co-dominating (20% and
42% of plants, respectively). Other filamentous morphotypes
could be identified; however, they were not as abundant.
These were both filaments with epiflora; type 1851, type 1701
and without epiflora, type 0092, type 0803, Thiothrix/type
021N, H. hydrossis, Nostocoida limicola and mycolata. Some
species were only visible after staining due to their location
primarily inside the sludge flocs, e.g. mycolata and type 0092,
and others were located around the sludge floc edges
(H. hydrossis and type 0803). Some species, such as Strepto-
coccus, were only observed occasionally with conventional
microscopy.Table 2 e Overview of sludge floc properties based on
conventional light microscopy of samples from 28 plants.
Percentage of
all samples
Floc structure Bridges between flocs 38%
No impact 8%
Open structure 54%
Floc size [mm] <0.025 0%
0.025e0.25 4%
>0.25 96%
Floc form Strong/Weak 99%/1%
Irregular/Round 79%/21%
Compact/Diffuse 41%/59%
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FISH
The identity of the filamentous bacteria was further analyzed
in 2009e2011 by FISHusing awide selection of probes (Table 1).
The dominance of Microthrix was confirmed whereas the co-
dominant morphotype 0041/0675 showed up to be a phyloge-
netically diverse group. Most often the filaments belonged to
phylum Chloroflexi (CFXMIX probe) which could not be further
identified with more specific probes. In other cases, the mor-
photype was TM7 (TM7-905) and Curvibacter (Curvi997).
The phylum probes for Chloroflexi targeted many filamen-
tous bacteria in all plants and also different morphotypes
besides morphotype 0041/0675, and most of these could be
identified bymore specific probes such as type 0803, type 0092
and type 1851. Generally, the appearance of these probe-
defined filaments corresponded fairly well with the
morphology described by Eikelboom (2000). A large fraction of
the CFXMIX-positive filaments that could not be identifiedwith
specific probes showed a high diversity of morphotypes in
terms of diameter and presence/absence of epiflora.
Some of the unknown Chloroflexi were not EUBMIX positive.
Therefore, the ratio of EUBMIX and DAPI positive cells was also
tested in all plants and ranged between 60 and 84% (with
average of 75%) in different plants. This shows that the frac-
tion of cells not hybridizing with the EUBMIX varied in the
different plants, either because lack of EUBMIX target site as
with some members of Chloroflexi (Kragelund et al., 2007a;
Speirs et al., 2009) and some actinobacterial Tetrasphaera
(Nguyen et al., 2011), or because the fraction of dead or
impermeable cells varied. The fraction of Chloroflexi that was
EUBMIX-negative (only with the broad probe, not with the
specific probes) was in all plants small (<20% of total Chloro-
flexi). The impact of this is that the abundance of probe-
defined bacterial populations may be slightly overestimated
in plants with many cells not targeted by the EUBMIX probes
(e.g., some unknown Chloroflexi).
The class probe for Alphaproteobacteria (ALF968) identified
N. limicola-like filaments and in few cases these could be
identified with probes for Defluviicoccus (Table 1). Thiothrix and
type 021Nwere targeted by a group-specific probe (G123T) and
more specific probes were not applied. No other filamentous
Gammaproteobacteria positive with probe GAM42a were
observed which excludes the presence of filamentous Acine-
tobacter (Type 1863, Wagner et al., 1994). No filamentous
bacteria hybridized with the BET42a (targeting the majority of
Betaproteobacteria), ruling out the presence of S. natans and L.
discophora. Filamentous type of Curvibacter was confirmed by
probe Curvi997.
The presence and identity of H. hydrossis (phylum Bacter-
oidetes) was confirmed by the specific probe HHY-654. Rather
few filamentous bacteria hybridized with the group-specific
probes for Firmicutes (LGCa-c) and these were identified as
Streptococcus sp. Probe HGC69a (targeting many Actinobacteria
except Microthrix) showed only few filaments: branched
mycolata which were also targeted by specific probes for
genus Gordonia. Mycolata were not abundant in any of the
plants and caused no foaming problems. No other morpho-
types were observed, ruling out the presence of actino-
bacterial ‘Candidatus Nostocoida limicola’.tion dynamics of filamentous bacteria in Danish wastewater
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The filamentous bacteriawere very abundant inmost of the 28
treatment plants. They constituted in average 24% of the
entire biomass as analyzed by EUBMIX and in some cases with
a high FI, they constituted up to 46%. The average abundances
of each probe-defined species in all 28 plants are shown for
“summer” in 2009, 2010 and 2011 in Fig. 2, whereas the aver-
ages for the “seven plants” are shown for the rest of the
sampling time points. Interestingly, more filamentous
bacteria in total were observed in 2009 compared to 2010 and
2011 for each period, respectively. Fig. 3 shows the relative
average abundance of the various filamentous organisms in
the “seven plans” between 2009 and 2011, and it appears that
the populations in the different plants were very similar.
The most abundant species was Microthrix, which in
average constituted 6% of the total microbial population and
between 11 and 22% of all filaments (Fig. 3). The frequency
distribution graph in Fig. 4 shows thatMicrothrixwaspresent in
all samples (no samples had an abundance of 0) and the
abundance varied substantially among the plants. The most
abundant filamentous phylum was Chloroflexi constituting in
average 10.1%of the entire biomass andbetween 30 and 60%of
the filamentous community. They could be divided into probe-
defined type 0092, 0803 and 1851, and an unidentified fraction
(Figs. 2e4). They were dominating in 25% of the samples in the
seven plants. Type 0092 and 0803 were most abundant
(average 3.6 (range 0.25e10.2) and 2.9 (0.25e15.4), respectively).
Another common probe-defined population was filamentous
members of the TM7 phylum (average 5.0%) (Figs. 2e4). They
were dominating or co-dominating in 17% of the samples in
the seven plants. However, due to the very broad probe, this
may cover several species. Streptococcus sp. was detected in allFig. 2 e Abundance of filamentous bacterial species in 2009e20
autumn (November)). Averages for “the seven” EBPR plants (wi
shown.
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community. H. hydrossis was present in higher abundance
(>2.5%) inmost plants (range 4e6%and 6e8%on the frequency
distribution graph, Fig. 4). In general, Fig. 4 shows that the
more abundant a species, the more flat distribution.
The remaining probe-defined filamentous bacteria were
detected in higher percentage in only few samples from some
WWTPs. Filamentous Alphaproteobacteria (probe ALF968) were
observed in high abundance in 5WWTPs (13 samples), and out
of these Defluviicoccus filaments was identified in a few plants
with Bjergmarken as an example with constant and high
abundance (Fig. S1). Thiothrix/type 021N were present in
higher abundance (>1%) in 11 samples (10 WWTPs). Fila-
mentous Curvibacter was present in approx. half of the plants
and only in low abundance (<2.5%, Fig. 4). In common for
these low-abundance filamentous bacteria were that they did
not have any major impact on floc structure and properties.
3.4. Seasonal variations
Some variation in abundance took place for all probe-defined
populations in all 7 plants during 2009e2011, but these were
relatively small inmost plants (Figs. 2 and 5, Fig. S1 and S2). An
interesting observation is that the relative composition was
rather constant in each plant through the two years. For
instance, in Hjørring the fraction of unidentified Chloroflexi
was consistently high (data not shown), while in Aalborg East
it was low most of the time (Fig. 5a).
Some seasonal variation in the abundance ofMicrothrix and
TM7 affiliated filaments was observed. Microthrix was most
abundant during winter and spring, whereas TM7 probed
filaments were most abundant in the autumn and here co-11 (winter (February), spring (May), summer (August) and
nter, spring and autumn) and all 28 plants (summer) are
tion dynamics of filamentous bacteria in Danish wastewater
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Fig. 3 e Relative species composition of filamentous bacteria in each of “the seven” EBPR plants (average of 2009e2011).
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populations and unidentified species) seemed to have the
highest abundance during summer and autumn and thereby
showing the opposite pattern of Microthrix. No seasonal
pattern could be observed for the remaining probe-defined
populations.
The short-term temporal variation of the filamentous
community was studied in Aalborg East WWTP over an 8
weeks period with sampling twice a week (Fig. 5B). The
dominating filaments belonged to Chloroflexi and the largest
fraction in this period could not be identified beyond phylum
level. Microthrix was also present in relatively large quantities
and they constituted in average 4.9%. Only minor fluctuations
in the abundance of Chloroflexi and Microthrix were observed
during the sampling period. The remaining species present
(different species of Chloroflexi and H. hydrossis) were only
present in moderate amounts and did not exhibit temporal
variability throughout the sampling period.
3.5. Correlation analyses
FISH analyses of the many treatment plants showed the
presence of several filamentous bacteria in all plants and
fewer present in just a few plants. Furthermore, although the
individual probe-defined populations in each treatment plant
showed some variation in abundance, the general impression
was that the composition was relatively stable in each plant
over the three years qFISH investigation. In order to find out
whether each plant consistently had a unique, but rather
stable filamentous population, the FISH-quantified pop-
ulations were considered as a multivariate response with
treatment plant as explanatory variable. MANOVA multivar-
iate tests were carried out on all samples for all time periods.
The test was based on Wilkis’ lambda, which differentiatesPlease cite this article in press as: Mielczarek, A.T., et al., Popula
treatment plants with nutrient removal, Water Research (2012),between similarity and diversity among plants. The value
0.021 ofWilkis’ lambda (F (198, 496)¼ 1.47; p< 0.001) indicated
large statistical difference between the individual wastewater
treatment plants. Thus, all of the plants investigated consis-
tently had a unique composition of filaments throughout the
two years. In other words, whenwe plot all the samples on the
plane (while considering all data from one plant as a distinct
group), we are not able to find similar groups that are placed
on the plane in the similar manner. The samples are just
dispersed in between coordinates.
A range of different statistical approaches were applied in
order to identify any correlations between these unique fila-
mentous populations (or the individual filamentous pop-
ulations) and treatment plant design, process parameters, and
wastewater composition. A number of variable were tested,
such as abundance of various probe-defined populations,
treatment plant design (alternating, recirculation, sidestream
hydrolysis, pre-settling, EBPR, non-EBPR), and wastewater
composition (influent C/N and C/P ratio, industrial fraction
and composition). The results from the different approaches
are given below.
3.5.1. Correlation analysis
Pearson’s coefficient was tested to reveal correlations
between microbial community and plant design/process
parameters and also mutual correlations between bacteria
(Fig. 6). No strong or even medium correlation was obtained
(r > 0.5 with a significance level alpha ¼ 0.05).
3.5.2. Hierarchical cluster analysis
These data shown in Fig. S3 revealed a clustering of certain
species (Thiothrix/type 021N, Chloroflexi type 1851 and H.
hydrossis). These species are often found in higher abundance
in heavily loaded industrial plants (Beer et al., 2002; van dertion dynamics of filamentous bacteria in Danish wastewater
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Fig. 4 e Histograms representing percentage distribution of filamentous bacteria in Danish nutrient removal wastewater
treatment plants in 2009, 2010 and 2011. X1 and X2 and X3 represents averages of all plants and for plants with an
abundance >0.25%, respectively. The number of plants with an abundance >0.25% is indicated for 2 each year. The total
number of plants investigated was 28, 24 and 17 in the three years, respectively. The Y-axis depicts the frequency
distribution and the X-axis the percentage of bacteria enumerated by qFISH.
wat e r r e s e a r c h x x x ( 2 0 1 2 ) 1e1 58Waarde et al., 2002) and in this investigation they were only
found in few plants and generally in low abundance. There
were no patterns detected between plants with and without
unknown Chloroflexi types. Single microbial species were also
tested in order to affiliate their presence with the treatment
systems (data not shown), however no significant associations
were noted besides one. Filamentous Defluviicoccus were only
abundant in 3 plants, all with EBPR design (Bjergmarken, Åby
and Ejby Mølle). It is important to mention that other mor-
photypes of Defluviicoccus (non-filamentous ones) were also
present in non-EBPR systems. Other “industrially” affiliated
species were detected temporally in different plants.Please cite this article in press as: Mielczarek, A.T., et al., Popula
treatment plants with nutrient removal, Water Research (2012),3.5.3. Principal component analysis
PCA analysis revealed some relations, but from the previous
correlation analysis it was confirmed that these correlations
wereweak. Therefore, the PCA’s correlation circle could not be
used. Moreover, the two highest factors (1 and 2) explained
only 40% of the variability. We have tried to differentiate also
the observations (samples) in the multivariate space in terms
of seasonality, plant design and process parameters, but there
were no clear impact of any of the above mentioned variables
and the observation arrangement in factors plane (example,
see Fig. S4). Additionally, it was tested if the external carbon
source (i.e.molasses or alcohol) supplied during the treatmenttion dynamics of filamentous bacteria in Danish wastewater
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Fig. 5 e a. Temporal variations in the filamentous community in Aalborg East WWTP in 2009e2011. b. Temporal variations
in the filamentous community in Aalborg East WWTP in a period from November 4, 2008 (week 1) to January 29, 2009 (week
13).
wat e r r e s e a r c h x x x ( 2 0 1 2 ) 1e1 5 9process to improve EBPR activity and denitrification had any
influence on special proliferation of filamentous populations.
This was not the case. Interestingly, with the separation of
data for two years (2009 and 2010) wewere able to notice some
groupings and distinct different filamentous populations
(Fig. 7). Samples from 2009 to 2010 had significantly different
composition and grouped together. However PCA analyses,
even after division of data for 2009 and 2010, did not show anyPlease cite this article in press as: Mielczarek, A.T., et al., Popula
treatment plants with nutrient removal, Water Research (2012),species-specific dependencies, mainly due to the poorly
explained distributions.4. Discussion
This is the first comprehensive long-term investigation of the
filamentous community in full-scale WWTPs wheretion dynamics of filamentous bacteria in Danish wastewater
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Fig. 6 e a. Correlation analysis showing strength of mutual relations between single filamentous species (2009e2010). b.
Correlation analysis showing strength of relations between single filamentous species and process parameters
(2009e2010).
wat e r r e s e a r c h x x x ( 2 0 1 2 ) 1e1 510conventional identification, molecular identification by FISH
and extensive process information related to treatment plant
design and process performance has been compiled. Previous
FISH-studies on filamentous organisms in full-scale plantsFig. 7 e Principal Component Analysis (PCA) showing differen
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treatment plants with nutrient removal, Water Research (2012),only focused on a single or few probe-defined filamentous
species in grab samples from few treatment plants and were
never investigated over several years (Elkelboom and
Geurkink, 2002; Hugenholtz et al., 2001; Kanagawa et al.,ces between year 2009 and 2010 for filamentous bacteria.
tion dynamics of filamentous bacteria in Danish wastewater
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et al., 2004; Snaidr et al., 2002; Thomsen et al., 2006; van der
Waarde et al., 2002).
The treatment plants in this study all carry out N-removal
(nitrification/denitrification) and chemical and/or biological P-
removal and treat primarily municipal wastewater. The EBPR
plants form the basis for the new conceptual ecosystem
model (Nielsen et al., 2010, 2011) and the population structure
of the plants has been investigated in detail, not only in
relation to their filamentous population, but also other pop-
ulations, which will be reported elsewhere.
In most plants there were occasional settling problems
with DSVI above 120e150 ml/g and filaments index of 3 or
higher. This is commonly seen also in other plants worldwide
(Eikelboom, 2000; Jenkins et al., 2004; van der Waarde et al.,
2002).
The qFISH results presented here showed that a large core
of filamentous bacteria constituted in average 24% of the
entire biomass in the plants investigated, and that those
identified in few plants were present only in a low abundance
and thus not ofmajor importance. However, this conclusion is
only valid if it is assumed that the FISH probes are sufficiently
specific. Most probes applied were very specific only targeting
few sequences or a cluster or genus, so their targets can be
regarded as single or closely related species or ecotypes that
may cover only minor variability from plant to plant or in the
same plant. There may be microdiversity within these groups
over time or between the plants but such diversity cannot be
revealed with the methods applied and requires deep
sequencing of full genomes or metagenomes (Albertsen et al.,
2011). However, observations by microscopy generally
revealed very consistentmorphologies formost probe-defined
filamentous population.
4.1. Information by conventional microscopy
Light microscopy was very useful to make a general charac-
terization of activated sludge from the different plants.
Interestingly, the overall appearance of the sludge (flocs and
filaments) from a certain plant was surprisingly similar and
stable during the 4 years investigation presented despite
minor variations. This supports the conclusion discussed later
that each plant had its own “signature” in terms of microbial
population composition. All plants had an FI of 1.5 or higher
and it was noticeable that it was not well correlated with the
qFISH data. The majority of the filamentous community was
hidden in the flocs and can be fully examined only by FISH or
other stainings.
4.2. Filamentous population structure
The results showed that the vast majority of filamentous
bacteria in the plants investigated could be identified by
existing FISH probes. Most of these probes are relatively
specific (species or genus level) so only probes to resolve the
unknown Chloroflexi (Kragelund et al., 2011) and some TM7
species are still needed to cover most of the filamentous
community in the Danish nutrient removing WWTPs with
specific probes. Very few filaments targeted by the EUBMIX
were not targeted by the probes applied in this study (<5%).Please cite this article in press as: Mielczarek, A.T., et al., Popula
treatment plants with nutrient removal, Water Research (2012),The study also showed that some filamentous bacteria can be
identified by morphological means by experienced people,
such asMicrothrix, butmostmorphotypes include a significant
phylogenetic diversity that can only be identified reliably by
FISH, e.g. type 1701 and type 0041/0675.
The total filamentous community has never been quanti-
fied before in full-scale plants and the filamentous bacteria
constituted a surprisingly large part of the entire biomass, in
average 24%. They were thereby a very important part of the
microbial community in the Danish WWTPs. Relatively few
filamentous bacteria constituted the vast majority of the core
species present in all plants: Microthrix, Chloroflexi type 0092
and 0803, TM7-related filaments, Streptococcus sp. and H.
hydrossis. Some of these have also been identified as common
and abundant as determined by morphotypes in various
surveys (e.g. Blackall et al., 1999; Madoni et al., 2000;
Elkelboom and Geurkink, 2002). It is, however, very difficult to
compare these studies with the present FISH investigation,
partly because most morphotypes cover over a significant
phylogenetic diversity, and partly because some filamentous
species tend to hide inside the flocs where they were rarely
identified in earlier surveys using conventional microscopy.
Filaments belonging to phylum Chloroflexi were most
abundant in almost all plants. They belong to 3 different
classes: type 0803 (Caldilinea, Kragelund et al. (2011), type 0092
(unclassified Anaerolinea, Speirs et al. (2009)) and type 1851
(Chloroflexi, Beer et al. (2002)). These probe-defined filaments
were generally similar to the morphotypes described by
Elkelboom and Geurkink (2002). Most abundant was type 0092
(in average 3.6%) and they were primarily inside the flocs
forming a backbone as has previously been observed
(Kragelund et al., 2007b; Miura et al., 2007; Speirs et al., 2009).
For comparison, all presently known nitrifiers are in the same
plants typically found in percentage of 6e8% (Nielsen et al.,
2010, 2011). However, there are still unidentified Chloroflexi
species in many plants and they can be very abundant and
occasionally give bulking problems. Microthrix and the Chlor-
oflexi species coexist probably because they occupy different
niches in the WWTPs, lipid consumption for Microthrix and
conversion of proteins, polysaccharides and dead cell debris
for Chloroflexi species (Nielsen et al., 2010).
4.3. Seasonal variations e population dynamics
The temporal changes in species composition and their
abundance in the individual plants were surprisingly low in
this long-term investigation. Microthrix was most abundant
during winter while some Chloroflexi species were most
abundant during summer in agreement with earlier observa-
tions (Kragelund et al., 2011; Levantesi et al., 2006; Nielsen
et al., 2009a). We could not observe clear seasonal variations
for other filaments. Also a more detailed and frequent inves-
tigation of a single treatment plant through three months
(Aalborg East) did not reveal major changes in the period
investigated for most populations. Few other long-term
studies of specific populations in full-scale plants exist and
they generally show more dynamic variations or even real
changes in population structure than we have observed.
These populations have been nitrifiers (Ofiteru et al., 2010;
Wang et al., 2011) or the entire community as characterized bytion dynamics of filamentous bacteria in Danish wastewater
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scale or lab-scale reactors typically show large variations in
community structure, particularly among heterotrophic
bacteria (Kaewpipat and Grady, 2002; Nadarajah et al., 2007).
A possible reason for the low dynamics in the Danish
plants could be that all plants were large nutrient removing
plants (anaerobic, oxic-anoxic conditions) with long-term
operational stability, long sludge residence time (sludge age,
20e35 days), moderate yearly temperature range (7e20 C) and
a rather complex wastewater composition, all factors that
may stabilize the community. However, the methods applied
to assess the community changes are also of importance and
especially those relying on extraction of nucleic acids and PCR
with all their bias and limitations, are difficult to compare
with the quantitative FISH analysis. Interestingly, whenmajor
changes or disturbances in operation or influent wastewater
characteristics occurred, we have been able to observe specific
changes in some populations, e.g. among the nitrifiers when
a change in N-load took place (data not shown). It clearly
shows that some specific populations are deterministic regu-
lated but we were not yet able to establish such correlation to
specific changes for any of the filamentous populations.
It was also interesting to observe that the sludge flocs
showed seasonal variations with irregular and diffuse flocs in
winter period and more compact flocs during the remaining
year. We have earlier observed that the floc strength also is
lowest during winter (Wilen et al., 2004) and these changed
floc properties may generally affect the plant performance,
e.g. in relation to drainage and dewatering of surplus activated
sludge (Dominiak et al., 2011).
4.4. Factors affecting population structure
Different statistical approacheswere used in order to examine
and analyze in detail the microbial populations and possible
rules governing them. Most interestingly was the result of the
MANOVA multivariate tests showing that each treatment
plant had its own unique population composition or finger-
print throughout the 3 years of FISH analyses. Importantly,
the unique composition should be found among relatively few
core and non-core organisms, so it is more the temporal
relative abundance than the exact species composition that
makes it unique (with the resolution of the probes applied).
The observation that the filamentous community stayed
relatively constant and unique in each plant over 3 years is
important. Some activated sludge studies claim that the
heterotrophicmicrobial composition to some extent is chaotic
despite a constant function (Bellucci and Curtis, 2011) and this
is clearly not the case in these Danish plants with the
heterotrophic filaments. However, the conclusions from their
studies were primarily based on simple aerobic lab-scale
reactor experiments, and it shows how difficult it is to
extrapolate findings from lab-scale reactor to advanced full-
scale plants. The selective pressure in full-scale nutrient
removal plants are clearly much stronger and seem to select
for a more limited number of microbes.
Our statistical test showed that some correlations were
strong in one year but not in the next, indicating that study of
only one year or short periods might lead to conclusions that
are not generally valid. The more data we handled, the lessPlease cite this article in press as: Mielczarek, A.T., et al., Popula
treatment plants with nutrient removal, Water Research (2012),clear the correlations were. Additionally, the PCA analysis,
which indicated that the two years studied were significantly
different, indicates that care should be taken to base correla-
tions, patterns or other relations on short-term studies for
general statements, but that it can be useful for search of
specific correlations.
The presence of many similar core filamentous organisms
in all 28 plants with minor temporal variations made it
impossible to find statistically significant correlations
between the microbial populations and possible rules gov-
erning them. Cluster analysis showed only grouping of some
filamentous bacteria generally associated with industrial
wastewater plants. It was, however, not possible to correlate
specific industrial wastewater types with specific filamentous
species as has been seen before among more diverse types of
treatment plants (van der Waarde et al., 2002). Important
factors pointed out in previous studies such sludge age,
aeration tank configuration, presence of aeration zone etc.
(Mamais and Jenkins, 1992) or specific substrate composition
(summarized by Nielsen et al. (2009a)), that may trigger pres-
ence of specific filamentous bacteria, were too similar among
the 28 treatment plants investigated to reveal significant
correlations. Only presence of Defluviicoccus in EBPR plants
was found significant and it fits well with the fact that they are
unwanted glycogen accumulating organisms competing with
bacteria involved in biological P-removal (Nittami et al., 2009).
Only few other studies have made statistical analyses of
microbial populations in a range of full-scale treatment
plants. Lopez-Vazquez et al. (2008) made an investigation of
bacteria involved in the EBPR process and they were able to
find some correlations between two probe-defined species
involved in biological P-removal and specific plant charac-
teristics directly related to the activity of the bacteria involved.
In the present study we used more general parameters that
seem not to have the resolution needed to discover specific
drivers for certain filamentous organisms.
Much is already known about the ecophysiology of most of
the probe-defined species (Nielsen et al., 2009a), and many
filamentous organisms seem to be a natural member of the
communities in nutrient removing plants without harming
the settling properties too much. However, occasionally some
of them cause troubles but so far onlyMicrothrix andmycolata
can be easily controlled (Kragelund et al., 2010; Nielsen et al.,
2009a). A possible way to study factors controlling the
different filamentous organisms would be detailed long-term
studies in selected treatment plants with the filaments of
interest in abundant and varying amounts (Frigon et al., 2006).
Studies of foam formation revealed two main factors of
importance, temperature and lipid load. Our study strongly
support that this is a good way to study specific populations,
and, if possible, in combination with well-described distur-
bances in wastewater composition or plant operation, so
controlling factors can be revealed.5. Conclusions
 Filamentous bacteria were very abundant in 28 Danish full-
scale activated sludge treatment plants with N and P
removal and constituted in average 24% of the bacteriation dynamics of filamentous bacteria in Danish wastewater
doi:10.1016/j.watres.2012.04.009
wat e r r e s e a r c h x x x ( 2 0 1 2 ) 1e1 5 13detected by EUBMIX probes. There was very little statistical
difference between filamentous species composition in
EBPR plants and non-EBPR plants.
 The vast majority of filamentous bacteria in the plants
investigated could be identified by existing rather specific
FISH probes. Only probes to resolve unknown Chloroflexi and
some TM7 species are still needed.
 The most abundant probe-defined species were Microthrix,
Chloroflexi type 0092, Chloroflexi type 0803, and TM7. A
number of other species were present in low numbers in
many or all plants. The filamentous populations were rela-
tively stable in all plants during three years of analysis
without large fluctuations or changes.
 The relative abundance of filamentous species in the indi-
vidual plants was very unique and different from plant to
plant (as shown by MANOVA). It showed that filamentous
bacteria had distinct different population compositions
(fingerprints) in the different plants.
 It was not possible to find significant general correlations
between the presence of filaments and plant design or
specific process parameters. Only filamentous Defluviicoccus
were selectively only present in EBPR plants.
 Cluster analysis showed that industry-affiliated species
were somehow similar to each other and grouped together
in the analysis.
 The main controlling factors affecting the filamentous
bacteria are likely substrate composition of the inflowing
wastewater and the major operational change in the treat-
ment plant.
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The enhanced biological phosphorus removal (EBPR) process is increasingly popular as
a sustainable method for removal of phosphorus (P) from wastewater. This study consisted
of a comprehensive three-year investigation of the identity and population dynamics of
polyphosphate-accumulating organisms (PAOs) and glycogen-accumulating organisms
(GAOs) in 28 Danish municipal wastewater treatment plants with nutrient removal. Fluo-
rescence in situ hybridization was applied to quantify ten probe-defined populations of PAO
and GAO that in total constituted a large fraction (30% on average) of the entire microbial
community targeted by the EUBmix probes. Two PAO genera, Accumulibacter and Tetra-
sphaera, were very abundant in all EBPR plants (average of 3.7% and 27% of all bacteria,
respectively), and their abundance was relatively stable in the Danish full-scale plants
without clear temporal variations. GAOs were occasionally present in some plants (Com-
petibacter in 11 plants, Defluviicoccus in 6 plants) and were consistent in only a few plants.
This shows that these were not core species in the EBPR communities. The total GAO
abundance was always lower than that of Accumulibacter. In plants without EBPR design,
the abundance of PAO and GAO was significantly lower. Competibacter correlated in general
with high fraction of industrial wastewater. In specific plants Accumulibacter correlated
with high C/P ratio of the wastewater and Tetrasphaera with high organic loading. Inter-
estingly, the relative microbial composition of the PAO/GAO species was unique to each
plant over time, which gives a characteristic plant-specific “fingerprint”.
ª 2012 Elsevier Ltd. All rights reserved.1. Introduction surplus sludge for further processing of the P, e.g. for P reuse.The enhanced biological phosphorus removal (EBPR) process
is a relatively inexpensive and sustainable method for the
removal of phosphorus (P) fromwastewater. The EBPR process
is based on the ability of polyphosphate-accumulating
organisms (PAOs) to take up P and accumulate it intracellu-
larly as polyphosphatewhen exposed to alternating anaerobic
and aerobic conditions. These bacteria can be removed withfax: þ45 9814 1808.
lsen).
ier Ltd. All rights reservedThe EBPR process was discovered almost 60 years ago, but
only in the past 10e15 years have we gained more detailed
knowledge of the microbiology involved (reviewed by Seviour
et al., 2003; Oehmen et al., 2007; McMahon et al., 2010).
The key PAO organism is believed to be the uncultured
betaproteobacterial ‘Candidatus Accumulibacter phosphatis’
(Crocetti et al., 2000; He and McMahon, 2011a; Hesselmann
et al., 1999; Zilles et al., 2002), hereafter called Accumulibacter..
wat e r r e s e a r c h 4 7 ( 2 0 1 3 ) 1 5 2 9e1 5 4 41530The bacterial ppk1 gene, which encodes for the enzyme pol-
yphosphate kinase responsible for polyP synthesis in many
bacteria, can be used for a high-resolution phylogenetic
analysis of PAOs. McMahon et al. (2007) conducted an analysis
of ppk1 genes from ten EBPR plants and observed two major
types ofAccumulibacter (Type I and Type II). He et al. (2007) also
retrieved fragments of 16S rRNA and ppk1 genes from lab-
scale and several full-scale EBPR systems. Phylogenies
reconstructed from 16S rRNA genes and ppk1 were largely
congruent with ppk1, providing higher phylogenetic resolu-
tion and at least five subgroups (clades) emerging under the
twomajor types. These two types ofAccumulibacter commonly
exist in treatment plants (He et al., 2007; McMahon et al., 2002;
Peterson et al., 2008) and show distinct morphotypes, cocci-
bacilli, and cocci, respectively (Carvalho et al., 2007; Flowers
et al., 2008). Many studies of their physiology have been
carried out, primarily in enriched lab-scale reactors. These
have sought to elucidate important biochemical pathways
(Mino et al., 1998; He et al., 2010; Wexler et al., 2009), substrate
preference (Kong et al., 2004; Oehmen et al., 2005b), denitrifi-
cation capability (Kong et al., 2004; Flowers et al., 2009), and
operational conditions affecting their growth, such as
temperature and pH (Oehmen et al., 2007; van loosdrecht
et al., 1997; Zilles et al., 2002).
Putative PAOs are also found within the Actinobacteria
(Eschenhagen et al., 2003; Kong et al., 2005; Beer et al., 2006;
Nguyen et al., 2011). In full-scale plants, two morphologically
distinct cells (cocci and rods) from the genus Tetrasphaerawere
found to be involved in P removal (Kong et al., 2005). Nguyen
et al. (2011) showed a higher diversity of the Tetrasphaera
genus and designed oligonucleotide probes for FISH detection
of three clades (1e3). Tetrasphaera can constitute up to 30e35%
of the total biovolume of bacteria in some full-scale plants
(Nguyen et al., 2011; Nielsen et al., 2010); this number is much
higher, compared to Accumulibacter, which constitute around
3e10% of the total population (e.g., Gu et al., 2008; He et al.,
2008). The physiology of the genus Tetrasphaera is poorly
described, although the species seem to be more diverse in
terms of substrate uptake than Accumulibacter and can
ferment glucose under anaerobic conditions (Kong et al., 2008;
Nguyen et al., 2011). They seem to occupy a slightly different
ecological niche, compared to Accumulibacter, possibly
contributing to ensure the stability of the EBPR process.
The glycogen-accumulating organisms (GAO) are often
present in EBPR plants, where they compete with PAOs for
uptake of organic substrate in the anaerobic tanks. Unfortu-
nately, GAOs do not accumulate P, so they are unwanted
members of the microbial community in both lab-scale reac-
tors and full-scale plants (Crocetti et al., 2002; Kong et al., 2002;
Nielsen et al., 2010). Two main groups of GAOs are known
today, the alphaproteobacterial Defluviicoccus vanus-related
bacteria and the gammaproteobacterial ‘Candidatus Com-
petibacter phosphatis’ (hereafter called Competibacter)
(Crocetti et al., 2002; Meyer et al., 2006;Wong et al., 2004). They
have been observed competing with PAOs in both full-scale
and lab-scale reactors (Burow et al., 2007; Kong et al., 2006;
Nielsen et al., 2010; Oehmen et al., 2005b; Thomas et al., 2003).
Several subgroups of Competibacter have been identified in lab-
scale reactors (Kong et al., 2002), and some of them are also
present in full-scale plants (Kong et al., 2006). The potential todenitrify has been observed for a minority of the Competibacter
sub-populations (Kong et al., 2006; Zeng et al., 2003), but not
formembers of theD. vanuse related GAOs (Burow et al., 2007;
Wang et al., 2008).
A number of factors are known to affect the growth of PAOs
and GAOs and their competition. However, most of this
understanding comes from studies in highly enriched lab-
scale reactors, where the growth conditions rarely resemble
full-scale plants, and little information is presently available
about key factors controlling the populations in full-scale
EBPR plants. It is known that certain operational parameters,
such as pH, temperature, wastewater type, and COD/P ratio,
concentration of oxygen or nitrite as well as specific plant
configurations can have an effect on the stability and diversity
of these populations, but the reasons for this are not always
clear (Oehmen et al., 2007; Pijuan et al., 2005, 2006; Van
Loosdrecht et al., 1997). Furthermore, we do not know much
about the temporal stability of these populations in full-scale
systems, a matter of great importance for the operation of
these plants.
Recently, we have published a conceptual ecosystem
model of the EBPR process (Nielsen et al., 2010). We presented
the average microbial composition of 25 Danish EBPR plants
and found the presence of a core population common to all
plants. Several PAO species were among these. The main aim
of the study presented here was to conduct detailed investi-
gations into the abundance and temporal variations of the key
PAO and GAO populations associated with the EBPR process in
these full-scale plants. Furthermore, an attempt was made to
find correlations between abundances of different species, as
well as between species and plant design and operational
parameters.2. Material and methods
2.1. Sampling and plant data
Data from 28 full-scale biological nutrient removal plants
were gathered over a three-year period from 2009 to 2011 (see
list of plants in Table 1A) and included in the “Microbial
database for Danish wastewater treatment plants” (Nielsen
et al., 2010), now called MiDas-Dk (www.midas-dk.dk). Data
was obtained froma core 25wastewater treatment plants over
the three year period, with an additional three plants inves-
tigated in the first year. Extensive information has been
collected on process design, operation, influent and effluent
concentrations of COD, N and P fractions, industrial load,
suspended solid concentrations in activated sludge, diluted
sludge volume index as well as information on major prob-
lems encountered, such as bio-P process removal disruptions
or foaming/bulking problems. All plants experienced only
minor operational problems during the period and consis-
tently complied to the effluent limits of 8 mg/L total N, 0.5 or
1 mg/L total P and 70 mg/L total COD. Seven plants were
sampled four times a year, the remaining plants twice a year.
In addition, Aalborg East and Hjørring WWTP were sampled
twice a week, fromNovember 2008 to January 2009, in order to
monitor short-term changes in the PAO/GAO bacterial
community. Activated sludge samples were taken from the
Table 1 e (A). Details on the Danish nutrient removal plants investigated 2007e2011. All plants carry out nitrification, denitrifi ation and chemical or biological P removal.
(B) Details on the Danish nutrient removal plants investigated 2007e2011.
Type WWTP name Samplings
per year
Size
designed (PE)
Size
actual (PE)
Alternating
operation
Recirculation Sidestream
hydrolysis
Presettling Dosage
of PAC
External carbon
source
EBPR WWTP Bjergmarken 4 125,000 83,000 þ e e þ þ None
Egå 120,000 84,000 e þ þ e e None
Ejby Mølle 410,000 236,000 þ e e þ þ None
Hjørring 160,000 100,000 e þ e þ þ None
Skive 123,000 39,590 e þ þ e e None
Aalborg West 330,000 195,000 þ e þ þ þ Molasses
Aalborg East 100,000 45,000 þ e þ e e Molasses
Boeslum 2 26,000 10,000 e þ e þ þ None
Fornæs 60,000 45,000 e þ e e e None
Fredericia 420,000 e þ e e e None
Haderslev 100,000 48,460 þ e e e e None
Kerteminde 25,000 16,000 e þ e e None
Kolding 125,000 80,000 þ e e þ þ None
Lundtofte 135,000 110,000 þ e e þ þ Propylene/
Ethylene glycol
Mørke 14,000 8300 þ e e þ þ None
Odense Nordøst 37,000 26,000 þ e e e e None
Randers 130,000 75,000 e þ þ þ þ Acetic acid
Ringkøbing 42,500 20,000 þ e þ þ þ None
Søholt 100,000 65,000 þ e þ þ þ None
Viby 100,000 41,200 e þ þ e e None
Åby 93,000 71,000 þ e þ þ þ None
Non EBPR WWTP Avedøre 345,000 330,000 þ e e e e None
Hirtshals 133,000 þ e e e e None
Horsens 140,000 140,000 e þ e þ þ Molasses
Marselisborg 220,000 157,000 þ e e þ þ None
Odense Nordvest 75,000 51,000 þ e e e e None
Viborg 80,000 68,000 þ e e þ þ Methanol
Aars 105,000 60,000 þ e e e e None
WWTP name Industrial
contribution
(% of COD)
Industry type Sludge age
(range
summer) (d)
Sludge age
(range
winter) (d)
DSVI range
(ml/g)
Temperature
(Wintere
Summer) C
C/P verage
(gC D/gP)
P (in and out)
(mg/L)
Ortho P release
after 120 min
(mgP/gSS)
Bjergmarken 20 Slaughterhouse, diary,
enzyme production
25e30 30e35 85e152 13e16 98 8  0.44 13.1  0.6
Egå 40 Hospital, Silk factory,
incineration plant
20e25 25e0 90e150 10e18 66 8.8  0.18 13.5  0.5
Ejby Mølle 55 Paper factory, food,
incineration plant,
hospital
20e25 25e30 104e200 13e18 71 0.68 13.0  0.6
Hjørring 30 Food 20e25 25e30 60e100 9e17 e 10.3  0.48 12.5  0.4
Skive 20 Mixed 20e25 25e30 85e118 8e18 e 5.7  0.89 14.5  0.8
Aalborg West 30 Diary 20e25 25e30 107e157 10e18 65 4.9  0.27 9.3  0.5
(continued on next page)
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Table 1 e (continued )
WWTP name Industrial
contribution
(% of COD)
Industry type Sludge age
(range
summer) (d)
Sludge age
(range
winter) (d)
DSVI range
(ml/g)
Temperature
(Wintere
Summer) C
C/P average
(gCOD/gP)
P (in and out)
(mg/L)
Ortho P release
after 120 min
(mgP/gSS)
Aalborg East 10 Slaughterhouse, chemical 20e25 25e30 62e122 8e18 78 8.6  0.38 11.9  1.1
Boeslum 5 Mixed 25e30 30e45 66e92 10e15 77 12.9  0.22 14.0  0.6
Fornæs 75 Chemical 20e25 25e30 10e20 61 4.7  0.32
Fredericia 40 e 20e25 25e30 51e166 e 85 14.3  0.83 13.5  0.6
Haderslev 5 Mixed 20e25 25e30 76e132 e e 8.3  0.38
Kerteminde 10 Food, metallurgy 20e25 25e30 78e130 12e16 e 8.1  0.10
Kolding 14 Food, metallurgy 20e25 25e30 90e135 9e15 51 7.1  0.62 10.9  0.7
Lundtofte 5 Chemical 20e25 25e30 121e127 10e18 e 13.5  0.8
Mørke 5 Mixed 20e25 25e30 68e87 e 71 10.1  0.35 11.4  0.4
Odense Nordøst 21 Food, mixed 20e25 25e30 87e185 10e15 115 0.23 13.0  0.3
Randers 5 Diary, food 25e30 30e35 79e117 9e18 89 5.6  0.39 13.3  0.9
Ringkøbing 10 e 25e30 30e35 124e149 9e13 70 4.6  0.16 9.3  0.5
Søholt 35 Textile, food 20e25 25e30 89e105 9e17 59 17.0  0.12 10.9  0.5
Viby 5 e 20e25 25e30 97e118 8e17 40 6.7  0.22 8.8  1.4
Åby 20 Mixed 20e25 25e30 96e171 12e20 42 8.6  0.28 9.8  0.4
Avedøre 20 Pharmaceutical, food 20e25 25e30 136e260 12e18 74 9.8  0.71
Hirtshals 70 Fish, food, mixed 20e25 25e30 91e112 e 54 15.2  0.17 11.4  0.5
Horsens 60 Slaughterhouse, mixed 20e25 25e30 76e129 12e18 70 3.6  0.10 12.5  0.3
Marselisborg 45 Slaughterhouse, food 20e25 25e30 72e107 e 47 5.2  0.27 11.6  0.5
Odense Nordvest 18 Food, mixed 20e25 25e30 110e198 11e18 83 0.04 13.1  0.6
Viborg 10 Hospital 25e30 30e35 76e155 11e15 69 6.1  0.35 13.5  0.5
Aars 85 Slaughterhouse 25e30 30e35 39e133 9e17 59 18.0  0.22 13.0  0.6
Description.
PE e Population Equivalent.
e no/absence.
þ yes/presence.
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wat e r r e s e a r c h 4 7 ( 2 0 1 3 ) 1 5 2 9e1 5 4 4 1533aerobic process tank and kept below 4 C, and a fraction was
fixed for FISH analysis (Nielsen, 2009). Anaerobic release tests
of orthophosphate by addition of acetatewere conducted once
for all plants (in May/June 2012) in order to test the biological
phosphorus removal potential. Acetate (150 mg/l final
concentration) was added to duplicate stirred activated sludge
samples, and the anaerobic P released after 3 h at 20 C was
recorded and normalised to SS (Table 1B).2.2. FISH identification
A range of oligonucleotide probes targeting different bacterial
species were applied (Table 2). The coverage of Tetrasphaera
probes is shown in Figure S1. Detailed information aboutmost
of these probes is given in probeBase (Loy et al., 2007). The
oligonucleotide probes were labelled with 5(6)-carboxy-
fluorescein-N-hydroxy-succinimide ester (FLUOS) or with the
sulfoindocyanine dyes (Cy3 and Cy5) (Biomers, Ulm/Donau,
Germany).
The procedurewas performed according to the guidelines as
detailed by Nielsen (2009) and visualized with an Axioskop
epifluorescence microscope (Carl Zeiss). Quantification of
probe-defined populations (qFISH) was carried out according to
Morgan-Sagastume et al. (2008). In short, each sample was
diluted and homogenized before a very thin layer was applied
to glass microscope slides. After FISH, twenty random fields
were chosen and images acquiredwith a specific probe-defined
population (Cy3) and the general EUBmix (FLUOS). The area of
probe-defined populations, relative to the total biomass area,
was determined by image analysis software (ImageJ, http://
rsbweb.nih.gov/ij/), and custom-made macros were used for
post-processing and data acquisition of all images. The total
biomass of bacteria in all plantswas determined by the EUBmix
and by DNA staining with 406-diamidino-2-phenylindole, DAPI
(Kapuscinski, 1995). Standard deviation for all values andTable 2 e Overview of specificity of oligonucleotide probes app
Affiliation Probe name
Phylum EUB338 Most Bacteria
EUB338-II
EUB338-III
Proteobacteria PAOmix (PAO462,
PAO651and PAO846)
Acc-I-444
Acc-II-II-444
DF1 mix (TFO_DF218
and TFO_DF618)
DF2 mix (DF988 and
DF1020)
Gbmix (GAOQ989 and
GB_G2)
Actinobacteria Actino-221
Actino-658
Tet1-266
Tet2-892
Tet2-174
Tet3-654probes was between 16 and 20% of the average value indicated.
The standard deviation was calculated from three replicate
sludge samples. The standard error of the mean between the
samples was between 16 and 20%, depending on the probes
applied, and thus was assumed as valid for all the samples.
Only averages are shown in the figures.
2.3. Polyphosphate kinase ( ppk) gene
PCR amplification of ppk fragments using five clade-specific
ppk1 primers was performed as follows: Total genomic DNA
was extracted from frozen sludge samples by using the Pow-
erSoilTM DNA Isolation Kit (MO BIO). Five clade-specific ppk1
primer sets (I, IIA, IIB, IIC, and IID) (He et al., 2007) were used.
PCR conditions were optimized for each primer set. The PCR
was carried out in a 50-ml thermal cycler (MJ Research, USA)
with 1 mM of primers and 0.1 unit of HotStart Taq polymerase
(Invitrogen, USA), using a cycling regime of 95 C for 3 min (1
cycle); 94 C for 30 s, an optimized annealing temperature for
45 s (61 C for ppk1 clade I, IIA, IIB, and 63 C, 66 C for ppk1
clade IIC and IID, respectively), and 72 C for 30 s (40 cycles);
and 72 C for 5 min (1 cycle). The presence or absence of a PCR
product was visualized by agarose gel electrophoresis. If
present, some randomly chosen bands were cut out of the gel
and sequenced to confirm their identity.
2.4. Statistical measures and methods
All values used for the calculations, charts and statistical
analyses were from qFISH analyses together with plant-
specific data related to the different sampling times and
other plant specific data. Standard statistical comparisons
and graphing were performed in Microsoft Excel and Prism.
Correlation and cluster analyses were performed in SPSS 19
package and Excel-XLSTAT (Brace et al., 2006). These analyseslied for quantitative FISH analyses.
Coverage Reference
EUB338 Most Bacteria Amann et al. (1990)
Planctomycetales Daims et al. (1999)
Verrucomicrobiales Daims et al. (1999)
Most Accumulibacter Crocetti et al. (2000)
Accumulibacter clade
IA and others
Flowers et al. (2008)
Accumulibacter clade IIA,
some clade IIC and IID
Flowers et al. (2008)
Defluviicoccus spp. (Type 1) Wong et al. (2004)
Defluviicoccus spp. (Type 2) Meyer et al. (2006)
Most Competibacter Kong et al. (2002)
Tetrasphaera e Type 1 Kong et al. (2005)
Tetrasphaera e Type 2 Kong et al. (2005)
Tetrasphaera e Clade 1 Nguyen et al. (2011)
Tetrasphaera e Clade 2A Nguyen et al. (2011)
Tetrasphaera e Clade 2B Nguyen et al. (2011)
Tetrasphaera e Clade 3 Nguyen et al. (2011)
wat e r r e s e a r c h 4 7 ( 2 0 1 3 ) 1 5 2 9e1 5 4 41534included multivariate analysis of variance (MANOVA) (Foster
et al., 2005), with significance level alpha ¼ 0.05 and the
Wilks’ lambda andManneWhitneyU tests. Unscrambler 11.01
and Excel-XLSTAT were used for principal component anal-
ysis (PCA). The correlation analysis aimed to find weak (rrr
0.4), medium (0.4 < rrr  0.6), strong (0.6 < rrr  0.8) or very
strong (0.8 < rrr  1), correlations between given parameters
and abundances of bacteria. The PCAwas used in order to find
groups and relationships between the given parameters and
bacterial abundance in the multidimensional space. The PCA
correlation circles were used to determine the relationships
between the given parameters in between principal compo-
nents. The circles show a projection of the initial variables in
the factors space. When two variables are far from the centre
and close to each other, they are significantly positively
correlated (r close to 1); if they are far from the centre and
orthogonal, they are not correlated (r close to 0).Fig. 1 e Accumulibacter not targeted by probes for
Accumulibacter clade I or II (probes Acc-I-444 and Acc-II-
444) (a), but they were targeted by PAOmix (b).3. Results
3.1. Wastewater treatment plants
The 28 WWTPs included in the survey all had biological N-
removal (nitrification and denitrification), and 21 were also
configured for EBPR (Table 1). The plants ranged in size
between 8300 and 420,000 population equivalents (PE), and
their process configurations were either alternating or recir-
culating (Henze et al., 2001). The fraction of industrial contri-
bution to the organic matter in the influent varied between
0 and 70%, thus representing a relatively broad range of plant
types and operational configurations. The yearly temperature
range was between 7 and 20 C. In the plants with EBPR, 12
plants had normal anaerobic tanks on the main stream for
mixing return sludge and incoming wastewater, whereas 9
plantshadsidestreamhydrolysis (SSH) insteadofananaerobic
tank on the main stream (Vollertsen et al., 2006). Typically,
20e30% of the return activated sludge entered the SSH tank,
whereas theotherpartwas returned to thedenitrification tank.
The residence times in the anaerobic tanks were 12e48 h. All
EBPR plants had an active EBPR process as shown by anaerobic
ortho-P release upon acetate addition. A screening of all plants
showed a release capacity of 8e15mgP/gSS (Table 1B),which is
slightly higher thanmany other full-scale plants (Zhang et al.,
2011). All plants received small doses of iron compounds (iron
chloride or iron sulphate) for improving precipitation of
phosphorus and enhancing flocculation. Effluent concentra-
tions of total P were usually around 0.5 mgP/L in most plants,
and always below the limit of 1.0 mgP/L.
3.2. Morphology of PAOs and GAOs
During the FISH analyses of activated sludge samples, the
morphologies of abundant PAOs and GAOswere observed and
compared in the 21 different EBPR plants.
3.3. PAOs
Accumulibacter targeted by the PAOmix usually consisted of
relatively large rod-shaped cells and were mainly found asmicrocolonies. Two distinct morphotypes representing two
Accumulibacter clades targeted by probeAcc-I-444 (clade IA and
others) and probe Acc-II-444 (most of clade IIA, IIC and IID)
were present, consistent with the findings of Flowers et al.
(2008). In some plants, many Accumulibacter cells, giving
a positive signal for the PAOmix probe set, were not targeted
by the two clade-specific probes (Fig. 1).
Four probes were applied to describe three distinct clades
of Tetrasphaera. Each probe covered several morphotypes, as
also described by Nguyen et al. (2011); namely cocci in clusters
of tetrads, small cocci, branched rods, short rods in clumps
and filamentous bacteria with varied in widths (Fig. 2). The
two probes Actino-221 and Actino-658 (designated Type 1 and
Type 2 by Kong et al. (2005)) only covered part of the three
Tetrasphaera clades, with their morphologies being primarily
small cocci in tetrads (Actino-221) and short rods, fairly small
in size and almost always in colonies (Actino-658). The
coverage of these probes is shown in Fig. S1.3.4. GAOs
Competibacter was targeted by the GAOmix and showed large
coccoidal cells as previously described (Crocetti et al., 2002;
Fig. 2 e Example of activated sludge from Aalborg East
WWTP with high abundance of Tetrasphaera with different
morphologies (clades 1, 2A, 2B and C, red/yellow, all
labelled with Cy3). EUBmix shows all bacteria (green,
FLUOS). Scale bar 10 mm.
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present both as single cells and as large microcolonies, in
some cases grouped in tetrads. The morphology of Defluvii-
coccus (targeted by probes DF1Mix and DF2Mix) was relatively
diverse, and positive cells were cocci-shaped cells present in
small microcolonies, as previously described (Meyer et al.,
2006; Wong et al., 2005). DF2Mix also gave a positive signal
with relatively wide, but short filaments, as described by
Nittami et al. (2009). However, this is likely due to the mis-
hybridisation of the DF2mix probe set to members of the
filamentous Cluster III Defluviicoccus, as has been previously
demonstrated (Nittami et al., 2009).3.5. Abundance of PAOs and GAOs in Danish treatment
plants in 2009e2011
In all EBPR plants examined, both Tetrasphaera and Accumu-
libacter were abundant PAOs (Figs. 3 and 4). Most abundant
was Tetrasphaera clade 3, ranging from 0.5% to 18% of the total
biovolume, and Tetrasphaera clade 2A (0.5e9%) (Fig. 3). The
total abundance of Tetrasphaera was typically 20e25%, and in
a few cases up to 25e30% of all bacteria with an average of 21%
for all plants. This very high abundance was supported by
Gram staining. Accumulibacter was less abundant (3.9%) on
average, with a range of 2e8% of all Bacteria (Fig. 3). Both clades
of Accumulibacter were present in relatively constant amounts
in all plants, although clade 1, which is assumed to be able to
denitrify, was more often present in higher abundance. The
fraction targeted by the PAOmix, but not with the two specific
clade probes, each constituted 0.25e1.2% in the plants (or
20e30% of all Accumulibacter, Fig. 4a, b). In all treatment plantsinvestigated, the total biovolume of Tetrasphaera was signifi-
cantly higher than that of the Accumulibacter.
The two types of GAOs, Competibacter and Defluviicoccus,
were only found in significant amounts in some of the plants
(Fig. 3). Competibacter was consistently present in only two
plants over the three years (Ejby Mølle and Fredericia) in
abundances up to 7.2%, but nearly always in abundances
slightly lower than Accumulibacter in the same plant. They
were occasionally present in nine plants. Defluviicoccus (Type 1
and 2) were only occasionally present in seven plants, and
consistently in two (Bjergmarken and Hjørring), constituting
up to 4.7% of the total biovolume. In these seven plants,
Defluviicoccus was present both as cocci and filaments; mainly
as the latter morphotype in the Bjergmarken plant. In two
plants, Competibacter and Defluviicoccus coexisted most of the
time (Ejby Mølle, Hjørring), but only occasionally in
Bjergmarken.
In the seven non-EBPR plants with chemical P removal, the
PAO and GAO populations were less abundant, compared to
the EBPR plants analysed in this study. All clades of Tetra-
sphaera were detected with an average abundance of 4.7%,
5.8%, 4.4% and 5.9% for clades 1, 2A, 2B, and 3, respectively,
compared to 3.8% determined for the Accumulibacter (see
Fig. S2). Some EBPR activity potentially took place, even
though the plants were not designed for it. As in the EBPR
plants, Tetrasphaera were always more abundant than Accu-
mulibacter. Interestingly, Competibacter and Defluviicoccus were
recorded occasionally in these plants in relatively high
numbers (up to 6.7%). They coexisted in one non-EBPR plant
(Horsens) throughout the 3-year study period.
3.6. Population dynamics of PAOs and GAOs
Variations in PAO and GAO populations were investigated
over 3 years in the full-scale EBPR plants (Fig. 4). When the
averages of the populations for all EBPR plants were
compared, no seasonal variations could be detected. Most of
the individual plants showed some temporal variations, but
no clear difference between winter/summer could be found
for any of the probe-defined PAO and GAO populations. The
three clades in Tetrasphaera showed the greatest temporal
variations, whereas Accumulibacter appeared more stable.
Analysis of the mutual dependency of PAO clades with Pear-
son’s correlation did not show any strong correlation between
the variation in abundance in the three Tetrasphaera clades
(also their cumulative sum) and the two Accumulibacter clades
(and their cumulative sum) (Table 3). This indicates a lack of
direct connection between these two genera. Competibacter
showed some temporal variation in the few plants where it
was present, but did not follow the trends of either of the PAO
group populations.
The general level of PAOs and GAOs was different from
plant to plant, although some variation was found in the
individual plants over time. It was possible to identify plants
with a very stable, relatively high or low content of one or
more groups of the detected PAO/GAO (e.g., Aalborg East,
PAOs; Ejby Mølle, Competibacter), but also some plants with
a less stable and more changing microbial population (e.g.,
Egå) (see Fig. 4b). The temporal variations of Accumulibacter
were determined in greater detail in two treatment plants
Fig. 3 e Histograms representing percentage distribution (qFISH data) of PAO and GAO in all tested Danish EBPR wastewater
treatment plants in 2009e2011. represents averages of all plants (in % of EUBmix). The number of plants with an abundance
>0.25% is indicated for 2009, 2010, and 2011. The Y-axis shows the frequency distribution and the X-axis the percentage of
bacteria enumerated by qFISH.
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Fig. 4 e a). Relative average abundance of PAO and GAO during the period 2009-2011 (winter (February), spring (May),
summer (August) and autumn (November)) in Danish EBPR wastewater treatment plants. (b). Temporal variations in PAO
and GAO populations at Egå and Aalborg East WWTPs.
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a three-month period, in order to see whether there were
variations not seen by the 2-4 yearly samples from each plant
(Fig. S3). In both plants, only minor temporal variations,
marginally outside the normal standard error on the mean
(16e20% of the average), were detected for either the total
Accumulibacter population or the individual clades (I and II).
Many Accumulibacter not detected by the two clade probes
(approx. 30% of total Accumulibacter) were present in both
plants (Fig. S2). Competibacter was below 0.25% in these plants
during this period.3.7. Distribution of different clades of Accumulibacter
In order to investigate the diversity of Accumulibacter in the
different treatment plants, PCR and clade-specific Accumu-
libacter ppk1 primer sets were applied (Table 3). Each of the five
Accumulibacter clades were found in at least one plant and
with clades I and IIC present in nearly all. Clades IIA, and
particularly clade IID, were found in very few plants. Most
plants had 2-3 different clades present, but none had all.
Three plants had only one. The distribution of clades showedno obvious pattern, see below for detailed statistical analyses.
The ppk1 gene analysis generally agreed with the FISH results
from same plants. In only one plant (Horsens) did we observe
that FISH analysis indicated the presence of clades I and II, but
ppk1 analysis only detected one.3.8. Statistical analyses of population structure and
treatment plant characteristics
Different statistical analyses were applied to find possible
correlations between i) the different populations in the plants
and ii) specific probe-defined populations and various treat-
ment plant characteristics such as design type, loading, etc.
3.8.1. Mutual correlations between PAO and GAO
Simple mutual correlation analyses were performed on
abundances of all probe-defined PAOs and GAOs. Only a few
relatively strong correlations were found. The two groups of
Tetrasphaera as detected by the probes designed by Kong et al.
(2005) had a positive correlation, indicating that the same
factors promote their presence in treatment plants. Tetra-
sphaera clade 1 had amedium strength correlation with clades
Table 3 e Distribution of different clades of Accumulibacter (based on ppk1 gene) compared with quantitative FISH analyses
in 27 Danish wastewater treatment plants with and without EBPR.
WWTP name Type of WWTP Clade I FISH Clade I Clade IIA Clade IIB Clade IIC Clade IID FISH Clade II
Bjergmarken EBPR e þ þ þ þ e þ
Egå þ þ e þ þ e þ
Ejby Mølle þ þ þ þ þ e þ
Hjørring e e þ þ e þ þ
Skive þ þ e e þ e þ
Aalborg West þ þ e e þ e þ
Aalborg East þ þ þ þ þ e þ
Boeslum þ þ e e þ e þ
Fornæs e e e e þ e þ
Fredericia þ þ e e e e e
Haderslev e e e e þ þ þ
Kerteminde þ þ e e þ e þ
Kolding þ þ e e þ e þ
Mørke þ þ e e e e e
Odense NE þ þ e e þ e þ
Randers e e e þ þ e þ
Ringkøbing þ þ e e þ e þ
Søholt þ þ e e þ þ þ
Viby þ þ e e e e e
Åby þ þ e e þ e þ
Avedøre Non EBPR þ þ e þ þ e þ
Hirtshals þ þ e e þ e þ
Horsens e þ e e þ e þ
Marselisborg þ þ e e þ e þ
Odense NW e e e e þ e þ
Viborg e e þ þ þ e þ
Aars e e þ þ þ e þ
wat e r r e s e a r c h 4 7 ( 2 0 1 3 ) 1 5 2 9e1 5 4 415382A and 3 (as defined by Nguyen et al., 2011) (Fig. 5a). Other
correlations were either weak or not significant. The fraction
ofAccumulibacter not detected by the two clade-specific probes
(total minus clade I þ II) and the total amount of Tetrasphaera
was also used in the analyses, but did not indicate any strong
correlations (data not shown).
3.8.2. Correlations between PAO/GAO populations and
treatment plant design and process parameters
Two types of EBPR plant design were included in the correla-
tion analysis: alternating operation and recirculation.
Furthermore, they were either with or without side stream
hydrolysis (Table 1A). The system configurations were indi-
cated as binary values (1 for yes and 1 for no). This correla-
tion analysis (Fig. 5b) showed no significant correlations,
meaning there does not appear to be any direct pattern or
affinity between the tested plant configurations and bacterial
group abundances.
The abundance of the PAO and GAO groupswas also tested
in order to find correlations with processes recorded in the
plant parameters (Fig. 5b). Only one significant strong corre-
lation was found, the sludge loading correlated with Tetra-
sphaera Type 1 (nomenclature after Kong et al., 2005). This was
not confirmed for the different Tetrasphaera clades. Other
medium strength correlation was also found between Tetra-
sphaera Types 1 and 2, Competibacter, and percentage of
industrial wastewater.
Plant by plant correlation analyses were also performed.
When data, (both process parameters and qFISH data) from
each of the seven plants sampled 4 times a year over 3 years
was used, a medium correlation was found between C/P ratioof influent wastewater and Accumulibacter in nearly all plants.
Using the same dataset, abundance of Tetrasphaera Types 1
and 2 were positively correlated with sludge load and total
COD influx (results not shown).
3.8.3. Principal component analysis
Principal component analysis was conducted in order to find
any correlations not only in one, but in themultivariate planes
between different parameters from the microbial database.
The bacterial populations, treatment design, and process
parameters were used as parameters in the analysis. PCA did
not identify any correlations, hence the PCA’s correlation
circle could not be used for detailed description. Moreover, the
two highest factors (1 and 2) explained only 46% of the vari-
ables (data not shown).
Attempts to differentiate the observations (samples) in the
multivariate space in terms of seasonality, plant design, and
process parameters were not successful. For all sets tested
there were no patterns, and up to eight principal components
were necessary to explain the environments. No specific
patterns for PAO and GAO in separate samples from 2009,
2010, and 2011 were found.
3.8.4. Hierarchical cluster analysis
Hierarchical cluster analysis was performed in order to find
hidden (unclear correlations in 2D graphs) relationships
between groups of PAO and GAO. The results depicted in
Fig. S4 shows that Tetrasphaera clades 1, 2A, and 3 group
together, whereas Tetrasphaera clade 2B did not affiliate with
other clades. The total amount of Accumulibacter and its two
clades group together. However, as with the Tetrasphaera 2B
Fig. 5 e a). Correlation analysis showing strength of mutual relationships between single PAO/GAO species. (b). Correlation
analysis showing strength of relationships between single PAO/GAO species and process parameters.
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Fig. S4 shows no direct clustering of PAO and GAO and plant
design.
3.8.5. MANOVA
FISH analyses of the 28 treatment plants showed the presence
of core PAO/GAO bacteria in all plants. Since the abundances
of these were relatively similar among the plants and periods,
the general impression was that the composition was rela-
tively stable in each plant over the three years, at least
according to the FISH quantification. In order to determine
whether each plant consistently had a unique, but rather
stable PAO/GAO population, the FISH-quantified populations
were considered as a multivariate response with the treat-
ment plant as an explanatory variable. MANOVAmultivariate
tests were carried out on all samples for all time periods. The
test was based on Wilkis’ lambda, which differentiates
between similarity and diversity among plants. The value of
0.018 of Wilkis’ lambda (F (150,220) ¼ 1.03; p < 0.001) indicated
large statistical difference between the individual plants.
Thus, all plants consistently had a unique composition of
PAO/GAO throughout the three years. This result is also sup-
ported by the distribution of PAO and GAO in the seven plants
as seen on the Redundancy analysis plot (Fig. S5), which
shows large dispersion of the samples.4. Discussion
This is the first study in which a large number of full-scale EBPR
plants have been investigated in detail with molecular methodsfor the major putative PAO and GAO groups and their temporal
dynamics described over a three-year period. The present very
comprehensive set of data from 21 EBPR and 7 non-EBPR plants
has made it possible to gain a better understanding of the abun-
dancesof thepopulations, their temporalvariations, and, tosome
extent, which factorsmight determine the presence and stability
of the different populations. It was clearly shown that the
different FISH-defined groups of PAO were present in all EBPR
plantsandare thusmembersof thecorecommunity,whereas the
GAOs were only present in few plants. The most surprising and
important result is thediscoveryofdistinctly differentpopulation
compositions, or ‘fingerprints’, in the different EBPR plants. The
commoncoreofPAOswithdifferent relativeabundances,and the
presence of GAOs in only some plants, resulted in unique plant-
specific microbial fingerprints, as shown by MANOVA. This
study also shows that bacteria related to the genus Tetrasphaera
werevery abundant in all plants and they can thusbe assumed to
be important for processes in full-scale EBPR systems.
4.1. Population composition and dynamics
The abundance of PAOs was relatively high and typically
constituted approx. 15e20% of the entire population. All
probe-defined populations of Accumulibacter and Tetrasphaera
clades were present in all 21 EBPR plants, although with
diverse abundances. Our data show co-existence between
these two groups, as also reported in previous studies by Beer
et al. (2006), Kong et al. (2005), Nguyen et al. (2011) and recently
in MBR-reactors by Silva et al. (2012). Presumably, these are
able to coexist since they have differences in physiology and
therefore occupy different niches. This also shows a high
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to the core community in the Danish EBPR plants. Tetrasphaera
was the dominant genus (among PAO) in all plants, both EBPR
and non-EBPR. However, it is important tomention that not all
bacteria covered by Tetrasphaera probes always behave as
PAO. Most non-filamentous probe-defined Tetrasphaera
detected in the plants investigated are assumed to be true PAO
as they contain polyphosphate and can actively take up
radiolabelled orthophosphate under aerobic conditions, after
they have accumulated organic substrate in previous anaer-
obic phases (Nguyen et al., 2011). However, Tetrasphaera
species are also able to denitrify and ferment and seem to be
physiologically very versatile and active in most phases in
EBPR plants, not only as PAOs (Kristiansen et al., 2012).
Accumulibacter, which is the model PAO organism, was
typically present with 2e8% of the biovolume. This is a lower
level than the 4e22% observed in many other full-scale
studies (Chua et al., 2006; Gu et al., 2008; He et al., 2008;
Kong et al., 2004; Lopez-Vazquez et al., 2008; Saunders et al.,
2003; Zhang et al., 2011). Whether this shows actual
differences in abundances in full-scale plants or whether
methodological variations in conducting qFISH in different
studies is not known. Both Accumulibacter clades were
present in all plants as well as other Accumulibacter not tar-
geted by the two clade-specific probes. A high microdiversity
of Accumulibacter clades in full-scale plants was reported by
He et al. (2007), and besides the fact that gene probes tar-
geted all ppk-defined clades (Flowers et al., 2008), there were
still some cells not targeted by clade-specific probes.
However, this is not so surprising, since Flowers et al. (2008)
has emphasized that these probes should be used in lab-
scale reactors. This thus, also shows the higher diversity of
Accumulibacter in full-scale systems and depicts the neces-
sity of investigating the remaining unknown part. Interest-
ingly, in some plants, there were many clades (based on ppk1
genes), whereas, in others, there were few. This clade
diversity was also found in the metagenome of Aalborg East
treatment plant (Albertsen et al., 2012), and such diversity is
assumed to be important for the stability of treatment plants
(He and McMahon, 2011b). Potentially, the different clades
have different sensitivities to phage attack, one of the
factors that has been suggested to influence their population
composition (Kunin et al., 2008). Such microdiversity may
also have a stabilizing effect on the performance of the EBPR
process.
The three clades of Tetrasphaera also showed very high
phenotypic microdiversity, with each clade probe set giving
a positive hybridisation signal with cocci, rods, and filamen-
tous morphotypes. It is still not possible to resolve this
diversity with available FISH probes. The two probes Actino-
221 and Actino-658 (Kong et al., 2005) only covered a part of
the three Tetrasphaera clades described by Nguyen et al. (2011).
Probe Actino-221 covers largely the same sequences as Tet2-
892, but does not target the sequences covered by Tet2-174.
In clade 3, probe Tet3-654 targets almost the same
sequences as Actino-658, but microscopy shows that probe
Tet3-654 targets more morphologies and more cells (Nguyen
et al., 2011). Thus, the recommendation for future FISH
studies is use of Tet1-266 for clade 1, Tet2-174 and Tet2-892 for
clade 2, and Tet3-654 for clade 3.Both GAO species investigated, Competibacter and Defluvii-
coccus, were only present in significant numbers (>0.25%) in less
thanhalf of all EBPR plants (11 and 6 plants, respectively). Other
studies (i.e., Burow et al., 2007; Lopez-Vazquez et al., 2009b;
Wong et al., 2004) also describe relatively similar abundance for
bothCompetibacterandDefluviicoccusnot exceeding 3e4%. These
studies all took place in the relatively temperate part of Europe,
whichmayexplain theabundancebeing lower thanobserved in
warm climates such as Australia (Burow et al., 2007).
In this study, we only applied the broad GAOmix probes to
quantify Competibacter and did not investigate any potential
microdiversity for the GAOs. It is known fromprevious studies
that Competibacter has a significant microdiversity in Danish
plants, with several probe-defined subgroups (Kong et al.,
2006). It was interesting that a few plants (Ejby Mølle, Bjerg-
marken, Hjørring) had GAOs constantly during the three-year
investigation period. This indicates that some plant-specific
factors (wastewater, design, operation) determined the pres-
ence of these bacteria in the plants. The three plants with the
consistent presence of GAO all had a relatively high content of
industrial contribution, which may explain their presence,
either due to surplus organic substrate inwastewater or due to
the presence of specific substrates that may promote the
GAOs. This is also in agreement with the observed correlation
for Competibacter abundance with the amount of industrial
contribution and the sludge loading (see below).
Filamentous Defluviicoccus can cause bulking problems if
present in large numbers in EBPR plants (Nittami et al., 2009),
but they were only found in a few plants and in very low
numbers (see details in Mielczarek et al., 2012).
All non-EBPR plants also had PAO, and three of these plants
also had GAOs in amounts higher than 0.25%. Tetrasphaera and
Accumulibacter were detected in lower abundances than in
EBPRplants, butwerepresent inall periodsandall plants.Their
relatively high abundance might be due to presence of occa-
sional anaerobic periods in the plants with alternating opera-
tion, providing suitable growth conditions, although the
systems were not designed for biological P removal. The pres-
ence ofAccumulibacter and Tetrasphaerahas also been shown in
MBR reactors without a defined anaerobic zone (Silva et al.
2012). The extent of anaerobic periods to ensure presence of
Accumulibacter has been discussed, and there are reports of
EBPR systems without anaerobic phases where the Accumu-
libacter are present and potentially responsible for observed P-
removal (Ahn et al., 2007). It might also be possible that Accu-
mulibacter is adjusting to the conditions by switching to alter-
nativemetabolic pathwaysasproposedbyAhnet al. (2009) and
Barat et al. (2006). The presence of GAO in twonon-EBPR plants
has also been observed in different types of plants worldwide
(McIlroy and Seviour, 2009; Pisco et al., 2009) showing that GAO
canbepresent in treatment plantswithout constant and stable
anaerobic periods. Since Competibacter, Accumulibacter, and
Tetrasphaera contain denitrifying strains, this capability may
also explain their wide distribution in non-EPBR systems.
Most probe-defined PAO populations showed a high degree
of temporal stability. The two plants with very frequent
sampling (twice per week, Hjørring and Aalborg East) showed
marginal short-term fluctuations. All seven plants investi-
gated 12 times over three years showed only limited variation,
indicating presence of very stable communities. Only two
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variation. This may indicate that the communities have
reached a level of equilibrium and that the plants were
running consistently with relatively small variations in
wastewater characteristics and plant operation (i.e., stable
COD level e data not shown). This is in agreement with
a previous study of the filamentous bacteria in the same
plants (Mielczarek et al., 2012). The GAO populations showed
temporal variations in many plants, but were also constant in
a few plants as described above.
Only a few other studies have investigated population
stability of microbial communities in full-scale plants (Ofiteru
et al., 2010; Wang et al., 2009, 2010a, 2010b, 2010c, 2011). The
majorityhaveobservedahigher levelof temporalvariationsand
alsoa largerprocess instabilitycomparedtoourstudy.However,
the population dynamicswere analysedwith the use of T-RFLP,
functional genes analyses, and DGGE, which can be difficult to
compare to qFISH as FISH probes often cover several closely
related strains/species. Other observations from pilot-scale or
lab-scale reactors typically show much greater and more
significant changes in bacterial community structure, particu-
larly amongheterotrophic bacteria (Kaewpipat andGrady, 2002;
Nadarajah et al., 2007). As discussed elsewhere (Mielczarek
et al., 2012), the relatively high stability in the Danish plants
maybedue to the fact that all plants are largenutrient removing
plants with long-term operational stability (experienced plant
operators with excellent supervision), alternating aerobic/
nitrifying and anaerobic/denitrifying conditions, long sludge
age (25e35days),moderateannual temperature range (7e20 C),
stablepH,anda rathercomplexwastewatercomposition.These
are all factors that might have a great impact on the temporal
stability of the entire community.
The method applied to describe the diversity may to some
extent explain the different results in population stability in
the different studies. The FISH-based approach relies on
relatively broad probes, which do not reveal changes in
abundances in very closely related strains. Use of DGGE or
TRFLP finger-printing methods may reveal, at least in quali-
tative terms, fine-scale changes in the populations (e.g.,
Ofiteru et al., 2010). However, bias related to extraction of
nucleic acids and/or PCR, as well as varying copy numbers of
the 16S rRNA gene in different species, makes this type of
investigation difficult to compare with the quantitative FISH
analysis (Albertsen et al., 2012). The FISH method, together
with the more novel amplicon sequencing, remains the
methodological approach of choice for a quantitative analysis
of these microbial communities. Furthermore, FISH provides
an important visualization of the spatial arrangement of
bacteria in the aggregates.
4.2. Correlations between PAO/GAO, plants and
operation
Several factors related to the wastewater characteristics,
plant design and operation are believed to affect the presence
of PAO and GAO. Only a few full-scale studies exist, and they
have shown that PAOs are primarily affected by pH, temper-
ature, COD/P ratio, presence of pre-settling, and sludge
digestion, and more (He et al., 2007, 2010; Lopez-Vazquez
et al., 2008, 2009a, 2009b; van Loosdrecht et al., 1997; Whangand Park, 2006). Although we included all these factors in
our global analyses of the full-scale plants, only a few (weaker)
correlations were found for the amount of industrial contri-
bution and the sludge loading. They both promoted Tetra-
sphaera and Competibacter. The plant-specific investigations
also showed a positive correlation to high C/P ratio and
loading, so it seems this study supports the general observa-
tion that PAOs and GAOs are most abundant in plants with
a high level of organics in the wastewater. It was interesting
that the use of an alternating or recirculating plant design did
not affect the PAO/GAO populations. Also, we were not able to
see correlation of either GAO/PAO with total nitrogen, as seen
by Zhang et al. (2011).
Correlation and clustering analyses did not reveal any
strong affiliation with any of the bacterial species and plant
design and operation. However, FISH numbers showed that
more plants with SSH were free of Competibacter, compared to
plants without, in specific years. More studies into the direct
influence of this system configuration on bacterial pop-
ulations in treatment plants are necessary.
It was not possible to check either temperature or pH effect
on GAO populations, as was suggested by other studies
(Lopez-Vazquez et al., 2009b; Oehmen et al., 2005a, 2007),
mainly because Danish treatment plants do not operate at
high temperatures (>20 C) and have very constant pH values.
When we narrowed the analyses to single plants over
time we found a few medium strength correlations between
process parameters and microbial populations. The C/P ratio
and Accumulibacter (in nearly all plants) correlated, and Tet-
rasphaera types 1 and 2 were positively correlated with
medium strength with sludge load and total COD influx.
Similar types of correlations were found regarding fila-
mentous microorganisms in the same treatment plants
(Mielczarek et al., 2012). Another explanation could be that
some of the probes applied were relatively broad (PAOmix
and GAOmix), so changes or variations in specific pop-
ulations were not possible to observe.
The high similarity of the Danish EBPR plants in terms of
plant design, operation and wastewater composition, with
only small variations of PAO-GAO communities, made it
difficult to discover global correlations. This was also stressed
by the fact that the correlations becameweaker themore data
we included, with few strong correlations left when several
years were included. Since the individual plants seem to be
relatively stable in community composition and operation,
a better way is to study the individual plants in more detail
over time to discover factors of importance for the specific
populations. Major changes in wastewater characteristics,
plant design, or operationmay revealmore specific changes in
the PAO/GAO populations.5. Conclusions
 Both Accumulibacter and Tetrasphaera were abundant PAOs,
and their numbers were relatively stable throughout
a three-year observation period in 28 Danish full-scale
activated sludge treatment plants with N and P removal.
In the EBPR plants, these PAOs constituted on average of
30% of the bacteria detected by the EUBmix probes.
wat e r r e s e a r c h 4 7 ( 2 0 1 3 ) 1 5 2 9e1 5 4 41542 Tetrasphaera was the most abundant PAO (average 27%) and
in all EBPR plants significantly outnumbered Accumulibacter
(average 4%).
 The two GAOs, Competibacter and Defluviicoccus, were
present in only a few plants and then in lower abundances
than Accumulibacter. Their presence did not correlate with
poor plant P-removal performance.
 The abundance of PAOs and GAOs was lower in plants
without EBPR design.
 It was possible to distinguish population compositions in
the different EBPR plants. The relative compositions of PAO
and GAO in the individual plants over three years were
unique in each plant, as shown by MANOVA.
 The abundance of Competibacter correlated with high
industrial contribution to the wastewater. In specific plants
Accumulibacter correlated with high C/P and Tetrasphaera
with high loading.
 Few global correlations were found between PAO/GAO
population abundances and plant design, operation, and
wastewater characteristics.
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Table 1: Plant operation and design data 
Plant name Samples 
per year 
Design 
for EBPR 
(Y/N) 
Alternating 
or 
Recirculating
? 
RSS 
retention 
time (h) 
Flow 
(PE) 
Industrial 
flow     
(%) 
Åby 1 Y Alt 48 93000 30 
Egå 4 Y Rec 48 90000 30 
Aalborg West 4 Y Alt 28 330000 30 
Aalborg East 4 Y Alt 25 100000 10 
Skive 4 Y Rec 24 123000 60 
Randers 
Central 
1 Y Rec 24 130000 5 
Viby 1 Y Rec 24 100000 5 
Søholt 1 Y Alt 12 97900 35 
Ringkøbing 1 Y Alt 12 42500 10 
Fredericia 1 Y Rec - 420000 40 
Ejby Mølle 4 Y Alt - 325000 74 
Hjørring 4 Y Rec - 160000 30 
Bjergmarken 4 Y Alt - 125000 20 
Kolding 1 Y Alt - 125000 14 
Fornæs 1 Y Rec - 60000 75 
Odense North 
East 
1 Y Alt - 36000 25 
Boeslum 1 Y Rec - 26000 5 
Kerteminde 1 Y Rec - 25000 10 
Middelfart 
Central 
1 Y Rec - 25000 0 
Mørke 1 Y Alt - 14000 5 
Avedøre 1 N Alt - 330000 20 
Haderslev 1 Y Alt - 48458 5 
Hirtshals 1 N Alt - 133000 70 
Horsens 1 N Rec - 140000 60 
Mølleåværket 1 Y Alt - 110000 5 
Marselisborg 1 N Alt - 157000 45 
Odense NV 1 N Alt - 51000 18 
Viborg 1 N Alt - 68000 10 
Aars 1 N Alt - 60000 85 
 
  
Table 2: Process data from anaerobic batch tests (acetate uptake capacity) with full-scale sludge from 
Ejby Mølle WWTP, showing both the prolonged anaerobic storage time without the addition of 
substrate (left) and after which acetate was added and process data monitored for a further 2 h to 
determine remaining potential activity (right). The data are grouped into three phases (denoted by 
shading).  
 
Without additional substrate 
Batch test, acetate uptake capacity 
(150 mg L-1 acetate added) 
time Acetate  Glycogen  Phosphate Acetate uptake Glycogen consumption 
Phosphate 
release 
h mg L-1 mg L-1 mg L
-1 
h-1 * mg L
-1 mg L-1 
h-1 * mg L
-1 mg L
-1 
min-1 mg L
-1 mg L-1 
0 0 536  0.0  150 1.56 201 7.6 
6 0 477 9.8 4.8 0.80 150 1.47 200 5.5 
12 0 373 17.4 10.6 0.96 111 1.18 144 3.2 
24 0 313 5.0 14.0 0.29 55 0.55 68 0.0 
48 0 285 1.2 19.0 0.21 55 0.50 69 0.0 
150 80 215 0.7 26.6 0.07 58 0 0 0.0 
* glycogen consumption and P release since last sample (h-1) 
  
Table 3: Anaerobic consumption of 13C-labeled acetate after the denoted period of anaerobic storage 
without external substrate addition (determined by MAR-FISH in short term experiments). 
Time 
(days) 
(days) 
 
 ( (h) 
(days) 
Accumulibacter Competibacter 
0 + + 
0.5 + +/- 
1 + - 
1.5 + - 
2 + - 
2.5 + - 
3 + - 
4 + - 
7 + - 
+: most FISH-defined cells were covered with silver grains indicative of substrate uptake.  
-: no substrate uptake by FISH-defined cells 
+/-: some cells took up substrate and were covered by silver grain 
  
Figure 1: Plant configuration of a typical EBPR plant (A) and an EBPR plant with return sludge side-
stream hydrolysis (RSS).  
 
 
  
Figure 2: Competibacter abundance over the 3-year duration of the study. Results are determined as an 
area fraction of the GAOmix probe and total Bacteria (EUB338) determined by FISH. 
 
  
  
Figure 3: Three pairs of dual microscopic images taken at the same location visualised with FISH (left) 
and microautoradiography following prolonged anaerobic incubation without additional substrate then 
the addition of 13C-labeled acetate (right). Accumulibacter (PAOMIX probe, cyan) could take up 
acetate at time 0 (A&B) and still after 7 days (C&D). Competibacter (GAOMIX probe, yellow) could 
take up acetate at time 0 (not shown). After 12 h (E&F) most Competibacter could still take up acetate 
(arrow). 
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Abstract 
The efficiency of the removal of phosphate from wastewater using the enhanced biological 
phosphorus removal (EBPR) process is affected by the competition for substrate between 
polyphosphate-accumulating organisms (PAOs) that remove phosphate and glycogen-accumulating 
organisms (GAOs) that do not. We surveyed the abundance of PAOs and GAOs in 21 full-scale, 25 
Danish EBPR plants over 3 years and found that plants with return sludge side-stream hydrolysis 
(RSS) had GAOs less frequently than plants with traditional main stream anaerobic tank. The effect 
of prolonged anaerobic storage, such as that experienced in RSS, was investigated on the in situ 
acetate uptake by Accumulibacter (PAO) and Competibacter (GAO) from full-scale activated 
sludge. A clear difference was observed between Accumulibacter and Competibacter. After 12-48 h 30 
of anaerobic conditions Accumulibacter retained the ability to take up acetate while Competibacter 
had stopped acetate uptake by 12 h. The results demonstrated that the prolonged anaerobic 
conditions in return sludge side-stream EBPR plants constitutes a putative control strategy for 
Competibacter in full-scale EBPR systems that can improve EBPR plant stability and performance.  
Highlights 35 
• Fewer full-scale EBPR plants with anaerobic hydrolysis with long residence time (>12 h) of 
return sludge contained glycogen accumulating organisms that EBPR plants with normal 
process design 
• Uptake of substrate in Competibacter during anaerobic storage stopped after 12-24 h while 
Accumulibacter could continue for at least 48 h 40 
• Return sludge side-stream (RSS) EBPR may be a new strategy for control of Competibacter 
and thus contribute to the stability of full-scale EBPR plant performance  
Introduction 
Enhanced biological phosphorus removal (EBPR) is a configuration of the activated sludge 
wastewater treatment capable of achieving low effluent orthophosphate (P) concentrations without 45 
addition of chemicals. Effective P removal is important for the protection of receiving waters from 
eutrophication, particularly in freshwater systems, and P removal from wastewater also is seen as an 
economically viable method for reuse (Hogan et al., 2001; Jeanmaire and Evans, 2001; Schipper et 
al., 2001) due to increasingly limited supplies of rock phosphate (Gilbert, 2009). In Denmark, all 
municipal treatment plants have nitrogen (N) and P removal and over the last 15 years more than 90 50 
larger plants (>20,000 PE) have changed from chemical to biological P removal. 
Normal biomass contains about 2% P, but in EBPR plants, the enrichment of polyphosphate-
accumulating organisms (PAOs) can increase sludge P content up to 5% in full-scale plants and to 
as much 17% P in laboratory enrichments (Crocetti et al., 2000). The selection of PAOs is typically 
facilitated by the inclusion of an anaerobic period (without oxygen or nitrate/nitrite) at the head of 55 
the plant where the nutrient-rich wastewater is received (Fig 1A). PAOs have the unusual ability to 
take up substrate, particularly volatile fatty acids (VFA), under these conditions enabling them to 
compete with other relatively fast growing bacteria with this priority access to the readily 
biodegradable COD. Under anaerobic conditions PAOs generate energy and reducing equivalents 
(Smolders et al., 1994) for the reduction and storage of substrate as poly-β-hydroxyalkanoates 60 
(PHA) by consuming stored polyphosphate (polyP) and glycogen. The stored PHA is then 
consumed in the subsequent anoxic and aerobic phases where the cells grow and use some of the 
produced carbon and energy to replenish their polyP and glycogen pools.  
Glycogen-accumulating organisms (GAOs) can also consume substrate under anaerobic conditions 
but do so using glycogen alone for production of energy and reduction equivalents (Filipe et al., 65 
2001). As the EBPR process is typically carbon limited, the presence of GAOs essentially wastes 
carbon and potentially contributes to reduced P removal performance. In laboratory-scale EBPR 
systems the overgrowth of GAOs has caused the failure of EBPR reactors (Crocetti et al., 2002; Liu 
et al., 1997) and it is suggested that GAOs similarly contribute to instability in full-scale plants. 
GAOs are often present in full-scale wastewater treatment plants (WWTPs) sometimes in similar 70 
abundance to PAOs (Gu et al., 2008; Kong et al., 2002; López-Vázquez et al., 2008; Saunders et al., 
2003) and can consume a considerable proportion of the COD under anaerobic conditions, as 
indicated by reduced ratio of P-release to volatile fatty acids (VFA) uptake (Gu et al., 2008; 
Saunders et al., 2003). Carbon is added to the anaerobic zone in some plants, usually either as cheap 
external sources or by on-site fermentation of sludge (Lemaire et al., 2008; Münch and Koch, 75 
1999).  
In Denmark, a process innovation called return sludge side-stream EBPR (RSS) has been developed 
in which the conventional anaerobic tank (2-4 h residence) in front of the denitrification tank is 
replaced with an anaerobic tank receiving 10-30% of the return activated sludge with a residence 
time typically 12-48 h (Vollertsen et al., 2006; Fig 1B). Hydrolysis and fermentation of return 80 
sludge provide sufficient COD for the PAOs, and return sludge flows together with wastewater 
directly into the anoxic tank. This configuration has the dual benefit of increasing COD for 
denitrification and making the anaerobic zone (and thus EBPR) resistant to disturbances from high 
inflow conditions that can introduce oxygen to what otherwise should be the anaerobic zone. RSS 
has been implemented in many Danish EBPR plants over the past few years and resulted in good 85 
and stable N and P removal. 
Recently, we investigated the population dynamics of PAOs and GAOs in 21 Danish full-scale 
EBPR plants over a 4 years period; the most extensive investigation of their abundance in WWTPs 
to date (Nielsen et al., 2010; Mielczarek et al., submitted). This unprecedented dataset found that 
plants with RSS rarely had GAOs whereas plants without RSS often had. We then investigated the 90 
effect of prolonged anaerobic storage, such as that experienced in RSS, on the in situ acetate uptake 
by PAOs and GAOs, and in so doing discovered a mechanism to control GAOs in full-scale 
systems and improve EBPR plant stability and performance.   
Materials and Methods 
Sampling 95 
Sampling and investigation of the microbial populations in the activated sludge biomass from 
EBPR plants was made within the “Microbial Database project” (Mielczarek and Nielsen, 
www.microbialdatabase.dk).  Twenty-one plants were sampled between 2008 and 2011 (Table 1): 
14 plants once per year (during summer, n=3) and 7 plants 4 times per year (n = 12). Nine plants 
had return sludge side-stream EBPR (RSS, Figure 1), with the residence time in the return sludge 100 
side-stream hydrolysis tank ranging from 12–48 h.  
Samples were taken from the aerobic tank in each plant and sent to the laboratory where they were 
fixed for FISH with 4% paraformaldehyde and 96% ethanol upon arrival at the lab and stored at -
20ºC.  For ecophysiological studies, activated sludge biomass from Ejby Mølle WWTP was taken 
from the aerobic tank and transported to the laboratory on ice.  105 
Microscopic analysis 
Fluorescence in situ hybridization (FISH) and FISH quantification was performed according to 
Morgan-Sagastume et al., (2008) with a limit of quantification set at 0.25% of the signal obtained 
with the EUBmix probe targeting all bacteria. The oligonucleotide probes EUBmix (equimolar 
EUB338 I, II & II) targeting most bacteria (Amann et al., 1990; Daims et al., 1999), PAOmix 110 
(equimolar PAO462, PAO651 and PAO846) targeting  “Candidatus Accumulibacter phosphatis” 
(Crocetti et al., 2000),  GAOmix (equimolar GAOQ989 (Crocetti et al., 2002) and GB_g2 (Kong et 
al., 2002)) targeting  “Candidatus Competibacter phosphatis”, DF1 (TFO_DF218  plus  
TFO_DF618) targeting Defluviicoccus vanus type 1 (Wong et al., 2004) and DF2 (DF988 and 
DF1020) targeting Defluviicoccus vanus type 2 (Meyer et al., 2005). 115 
Microautoradiography (MAR-FISH) was performed as described by Nielsen & Nielsen, (2005), 
with some modifications. Briefly, 2 mL of activated sludge (1 g-SS L-1) was flushed with O2-free 
N2 in 9 mL serum bottles (to achieve anaerobic conditions), then incubated with 60 mg L-1 (approx. 
1 mM) of either radiolabeled (Amersham, USA) or unlabeled acetate (Sigma, Denmark). After 
incubation sludge was fixed by addition of 96% ethanol then applied to two gelatin-coated cover 120 
glasses (24 by 60 mm) and gently homogenized by rubbing them together. FISH probing, coating 
with emulsion, exposure, development and microscopy were not modified. Each MAR experiment 
was made in triplicate and negative controls for non-radioactively induced signal included.  
Prolonged anaerobic storage and batch tests 
Activated sludge biomass from Ejby Mølle WWTP was used and the experiment ran at 20-22°C. 125 
The biomass was aerated for 30 min to consume residual PHA, mixed well, sampled for total 
suspended solids (TSS), and distributed into 6 x 500 mL stoppered flasks which were degassed with 
O2-free N2 to achieve anaerobic conditions. The flasks were incubated at 20-22°C with shaking for 
7 days. Samples were taken each 12 h for: VFA and orthophosphate and immediately centrifuged 
for 30 s then filtered through a 0.45 µm PVDF filter; samples for glycogen analysis were fixed with 130 
formaldehyde, centrifuged and frozen (-20°C); and samples for FISH were fixed with 
paraformaldehyde. 
Batch test were made to measure the anaerobic P-release and acetate uptake potential of the 
biomass during the 7 days anaerobic storage by taking biomass and distributing 3 x 250 mL into 
500 mL flasks and degassing with O2-free N2 to maintain anaerobic conditions. Acetate was added 135 
to 100 mg L-1 (1.7 mM, 93 mg-COD L-1) and samples taken periodically for 3 h and measured for 
VFA, orthophosphate. Samples for PHA and glycogen were taken prior to the addition of acetate 
and after 3 h. 
Standard methods were used to measure orthophosphate (ISO6878) and total suspended solids 
(Clescerl et al., 1999). PHA and glycogen were measured as described by Oehmen et al. (2005) and 140 
(2007), respectively. Acetate was measured on a 9 x 250 mm Ionpac ICE-AS6 ion exclusion 
column with heptafluorobutyric acid as eluent and a 4 mm AMMS-ICE 300 detector (Dionex, 
USA).  
  
Results 145 
PAO and GAO abundance in full-scale Danish EBPR plants 
A study of 21 full-scale EBPR Danish municipal wastewater treatment plants of different sizes and 
operational configurations was undertaken over a 3 year period (2008-2010). Treatment plant size, 
the fraction of industrial wastewater and the plant layout was diverse (Table 1). A number of critical 
operational parameters and process data were obtained. The temperature range was between18-20 150 
C° in the summer and 6-7 C° in the winter. All of the plants reported good EBPR performance and 
low effluent concentrations of P (< 1 mg-P L-1) and total N (< 8 mg-N L-1) for the duration of the 
survey. In all 21 plants surveyed, Accumulibacter accounted for 2-6% of all bacteria (Mielczarek et 
al., submitted), typical for well-functioning EBPR plants. The measured changes in Accumulibacter 
abundance during the study period did not affect effluent P concentration (always < 1 mg-P L-1 in 155 
all plants), nor did they correlate with season or any of the measured process parameters.  
Competibacter was detected more frequently in some plants than others and considerably more 
frequently in plants without RSS. Some plants never contained Competibacter, for example Skive, 
in others they were detected occasionally, for example Hjørring. In others, for example Ejby Mølle, 
they were always present (Fig. 1). During 2008-2009 Competibacter was present in 2 of 18 samples 160 
(11%) from RSS plants and 10 of 38 samples (26%) from non-RSS plants. In 2010, the frequency 
of Competibacter positive samples increased in all plants (from 21% to 39%) but RSS plants had 
fewer Competibacter: 2 of 9 samples in RSS compared to 9 of 19 in non-RSS plants. In plants 
where Competibacter were present, the average concentration was also higher in plants without 
RSS: 3.7 ± 1.7% (n = 31) compared to 2.6 ± 1.4% (n = 6) in plants with RSS.  165 
Defluviicoccus type I was only occasionally detected and never in the RSS plants. Defluviicoccus 
type II tended to be present in only a few plants but when present was frequently detected. In the 
RSS plants Defluviicoccus type I was restricted to summer samples while in the non-RSS plants 
with Defluvicoccus type I they were detected in almost all samples.  
PAO and GAO activity under prolonged anaerobic conditions 170 
The lower frequency of GAOs in plants with RSS prompted us to hypothesise that the longer 
anaerobic period may select against Competibacter. To test the hypothesis, experiments were 
carried out with activated sludge from Ejby Mølle WWTP which contained a high abundance of 
both Accumulibacter (4.1% of Bacteria) and Competibacter (6.6% of Bacteria).  The sludge was 
stored under anaerobic conditions for 7 days without the addition of external VFA and the overall 175 
processes analyzed were: release of P indicating activity of PAOs, bulk acetate and cellular 
hydrolysable glucose (glycogen). At time points through this anaerobic storage period several 2 h 
batch tests were conducted where acetate was added to a subsample of the biomass to determine the 
potential anaerobic acetate uptake capacity remaining, here called “acetate uptake capacity”. 
The biomass activity can be conceptualized in three phases. The first phase was up to the 12 h 180 
samples with relatively high P release and glycogen consumption, and a high acetate uptake 
capacity and glycogen consumption rate after the addition of excess acetate. The second phase in 
the 24 h and 48 h samples showed a decrease in PAO/GAO activity, with lower glycogen 
consumption and P release rates in the anaerobic storage period.  The acetate uptake capacity and 
the uptake rate were lower and glycogen consumption was also lower upon addition of excess 185 
acetate. Finally, after 48 h there was no further consumption of glycogen in the anaerobic 
incubations and acetate began to accumulate in the bulk. There was no significant glycogen 
consumption with the addition of additional acetate indicating that no further anaerobic acetate 
uptake by PAOs/GAOs was occurring. Black precipitate was visible in the 7 day sample suggesting 
that sulfide-producing bacteria were contributing to the measured acetate consumption at this time.  190 
Orthophosphate was slowly released during the entire 7 days period (Figure 3), a total of 26.6 mg L-
1 (4.0 mg-P g TSS-1). About 50% occurred during the first 24 h (14.0 mg L-1), however as no further 
P release occurred after the addition of excess acetate at 24 h it is expected that the release after 24 
h was primarily due to the dissolution of iron phosphates by iron reducing and sulfide-producing 
bacteria. 195 
Differential activity of Accumulibacter and Competibacter 
To determine if this change in uptake after 12 h could be linked to a change in the activity of 
Accumulibacter and Competibacter differently, a series of MAR-FISH experiments were carried out 
at 12 h intervals. Subsamples from the sludge stored under prolonged anaerobic conditions without 
additional substrate were incubated in batch tests for 2 h with the addition of 2 mM (120 mg L-1) of 200 
14C-labeled acetate under anaerobic conditions, and the radioactivity incorporated into the different 
populations indicating active substrate uptake was determined (Table 3 and Fig. 3).  Accumulibacter 
cells were MAR-positive even after 7 days indicating that they maintained the ability to consume 
acetate (Fig. 3 C&D).  
In contrast, Competibacter cells were MAR-positive only at the start of the anaerobic storage (time 205 
0) but already after 12 h of anaerobic incubation, acetate uptake had stopped for all but a few of the 
cells (Table 3 and Fig. 3 E&F). This showed that Competibacter was able to uptake external 
substrate only approx. 12 h after initiation of anaerobic conditions in contrast to Accumulibacter 
that still was able to do it after 7 days. The experiments were repeated 3 times over half a year with 
fresh activated sludge from Ejby Mølle WWTP, to confirm these results. Thus the marked change 210 
in the anaerobic consumption of acetate seen after 12 h of anaerobic incubation was attributed to 
Competibacter ceasing to take up substrate, while Accumulibacter maintained the capacity to take 
up acetate.  
Discussion 
It is important to control GAOs in EBPR plants to improve the efficiency and stability of the 215 
process and there is therefore a need to develop practically applicable solutions for plant operators 
to select against their growth. Though the competition between PAOs and GAOs in full-scale plants 
is likely to be the result of a number of factors, the results presented in this study demonstrate a 
tendency against GAOs in full-scale plants with the RSS-EBPR configuration and suggests a 
possible mechanism for this selection.  220 
Several factors have been proposed to affect the competition between PAOs and GAOs of which 
temperature is thought to be the most important. In laboratory-scale reactors, operation at 10°C 
strongly favored the selection of PAOs while GAOs tended to be favored at 30°C (Lopez-Vazquez 
et al., 2009a; Lopez-Vazquez et al., 2009b), but no studies have specifically investigated the effect 
of temperature in GAO abundance in full-scale plants.  All of the plants in this study were within 225 
the same region (Denmark) and the water temperature did not vary by more than 1-2°C between the 
plants, so it is unlikely that temperature was a major factor causing the observed variation between 
plants. The operating temperatures were lower than previous studies in other parts of the world (Gu 
et al., 2008; Saunders et al., 2003), which may explain why fewer plants in the current study 
supported GAOs. A number of other process parameters were measured but no significant 230 
correlations were found for these parameters and the abundance of GAOs (Mielczarek et al. 
submitted). 
Our experiments showed that prolonged anaerobic conditions affected Accumulibater and 
Competibacter differently and thus may be a critical factor for control of GAO. MAR-FISH 
demonstrated that Competibacter could not take up additional acetate after 12 h, whereas 235 
Accumulibater could still take up acetate at 48 h. The drop in acetate uptake rate between 12 h and 
24 h (Table 2, phase 2) is consistent with the Competibacter stopping and Accumulibacter still 
actively taking up VFA even after P release has stopped.  
Cessation of acetate uptake by Competibacter after 12 h of anaerobic conditions may be due to 1) 
exhaustion of glycogen, or 2) cells reached a physical upper limit of PHA, 3) the cells actively 240 
switch off their anaerobic substrate uptake. The production of acetate and propionate from 
hydrolysis and fermentation in RSS is the order of 0.1 and 0.05 mg L-1 h-1 (Vollertsen et al., 2006), 
so the VFA production rate in this system would have to be 100 times this rate to provide the 150 
mg L-1 of substrate that could be taken up in the batch test at time 0 (Table 2).  
Competibacter consume glycogen for maintenance in the absence of substrate (Filipe et al., 2001) 245 
and the glycogen is converted to PHA and CO2. Compared to PAOs a greater fraction of the PHA 
stored by GAOs under prolonged anaerobic conditions will be from their intracellular carbon, so 
PHA produced from consumed VFA (from hydrolysis/fermentation) and glycogen may fill up the 
capacity of the cells to produce PHA, while PAOs, having consumed only the minimum glycogen 
required to convert the consumed substrate to PHA, retain capacity for substrate uptake longer. It is 250 
difficult to investigate these hypotheses in full-scale plants where diverse PAOs and GAOs 
communities exist and each of them constitutes only a small fraction of the entire community, so 
species-specific mass balances are very difficult to carry out. Studies on enriched cultures would 
enable detailed mass balance and modeling of the completion and these studies are now underway. 
The results in this study indicate that the RSS will be most effective if the residence times exceed 255 
12 h as by this time acetate uptake by GAOs has stopped and PAOs are still able to take up 
substrate. However, we are also aware that other factors in the RSS design may affect the outcome 
of the competition between PAOs and GAOs, e.g. the fraction of return sludge that goes into the 
anaerobic storage, and that is presently under investigation.  
  260 
Conclusions 
• Twenty-one full-scale EBPR plants were surveyed over a 3 year period. Nine of the plants 
had returns sludge side-steam (RSS) configuration. Populations of Competibacter-GAO 
were constantly or temporarily present in high abundance in more plants without RSS 
compared to plants with RSS.  265 
• Under prolonged anaerobic storage, such as that experienced by the cells in RSS, few 
Competibacter could uptake acetate after 12 h while Accumulibacter still took up acetate 
after 7 days.  
• The results demonstrate a mechanism for how side-stream processes may control 
Competibacter in full-scale EBPR systems and thus improve EBPR plant stability and 270 
performance.   
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Legends 345 
 Tables 
Table 1: Plant operation and design data 
Table 2: Process data from anaerobic batch tests (acetate uptake capacity) with full-scale sludge 
from Ejby Mølle WWTP, showing both the prolonged anaerobic storage time without the addition 
of substrate (left) and after which acetate was added and process data monitored for a further 2 h to 350 
determine remaining potential activity (right). The data are grouped into three phases (denoted by 
shading).  
 
Figures 
Figure 1: Plant configuration of a typical EBPR plant (A) and an EBPR plant with return sludge 355 
side-stream hydrolysis (RSS).  
Figure 2: Competibacter abundance over the 3-year duration of the study. Results are determined 
as an area fraction of the GAOmix probe and total Bacteria (EUB338) determined by FISH. 
Figure 3: Three pairs of dual microscopic images taken at the same location visualised with FISH 
(left) and microautoradiography following prolonged anaerobic storage without additional substrate 360 
then the addition of 14C-labeled acetate (right). Accumulibacter (PAOmix probe, cyan) could take 
up acetate at time 0 (A&B) and still after 7 days (C&D). Competibacter (GAOmix probe, yellow) 
could take up acetate at time 0 (not shown). After 12 h (E&F) most Competibacter could still take 
up acetate (arrow). 
